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Summary 
Sensors incorporating zirconia electrolytes have been widely used for 
monitoring oxygen concentration and the air-to-fuel ratio of combustion systems. 
The aim of this work was to investigate the extension of this technology to other 
gases and to gas mixtures. 
Initial work was done on single zirconia. discs with porous metal electrodes 
on each face. Platinum, silver and gold electrodes were tested in controlled 
atmospheres at temperatures between 300*C and 850*C. It was shown, as expected, 
that in 02/N2 mixtures electrode activity/conductance decreased as oxygen 
concentration and temperature were reduced. In CO/CO2, /N2 atmospheres 
reproducibility was poor. Interestingly, an increase in electrode conductance of 1-2 
orders of magnitude was observed as the temperature was reduced through around 
700*C which does not appear to have previously been reported. Is is thought to be 
related to the corrresponding change in the thermodynamic stability of CO at this 
temperature, ie 2CO ; ==t C1 + C02. 
Zirconiapump-gauges with small enclosed volume(< Imm 3) and laser drilled 
diffusion holes were constructed with the novel addition of reference electrodes. 
These were operated with current-interruption circuitry and rapid subsequent data 
aquisition. This enabled, for the first time, the overvoltage due to charge transfer on 
the internal pumping electrode to be isolated: interesting behaviour was revealed. 
The overvoltage increased as oxygen-containing gases were, reduced and then. in the 
case of NO, decreased as the reduction reached completion. - The gauge EMF 
remained remarkably stable while NO was being reduced. Reduction of S02 was 
shown to generate electronic conductivity in the yttria-stabilised zirconia. 
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A potentially important result was obtained when operating a sensor in 
CO/CO2/02/N2 mixtures where there was sufficient 02 present to oxidise all the CO 
present to C02. With the application of zero pumping current the gauge EMF 
showed a substantial, non-zero, value. It was suspected that a mixed potential 
developed on the external electrode while the diffusion hole prevented its formation 
on the internal electrode. 
Based upon'the results obtained, two sensor designs are proposed. The first 
is a lean-bum combustion sensor eliminating the possibility of an ambiguous 
response in rich- and lean-bum conditions. By reducing the activity of the external 
pumping electrode while maintaining a highly active internal pumping electrode the 
response in rich-bum conditions would be insignificant while the response in lean- 
bum conditions would be maintained. 
The second design concerns multi-gas sensing; it is based upon previous 
designs but the need for minimising electrochemical leakage was pinpointed by this 
work. Because overvoltages on the internal electrodes were shown to reach high 
values electrode activitity should be high and a gauge cell should be incorporated to 
provide information about the oxygen partial pressure within the sensor. If operated 
by sweeping the voltage applied it was shown that because of the slow electrode 
response the sweep rate would need to be less than 0.2mV/s. Consequently, it is 
proposed that an array of sensors operating at a range of fixed pump voltages would 
greatly reduce the response time. 
A computer-controlled 
'apparatus 
was built with which to perform the 
experimental work. The apparatus controlled the furnace temperature, gas mixing 
apparatus and a potentiolstat/gaivanostat. The 
- 
latter was purpose built so that all 
current and voltage ranges could be selected by the computer and current interruption 
performed automatically. Using software written in Turbo Pascal the apparatus was 
capable of performing a wide range of tests, unattended over periods of months. 
S 
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Nomenclature 
A chemical activity 
A. area of electrode 
A, constant for conductivity 
Ap cross section area of pore 
CX concentration of gas X 
Cgb capacitance of grain boundary 
D diffusion coefficient 
e".. free electron in electrolyte 
EWR potential difference between WE and RE 
E(t) potential difference as a function of time 
F Faraday constant or farad 
G Gibb's free energy 
h' hole 
H enthalpy 
i current density 
exchange current density 
1L limiting current 
11k leakage current 
k equilibrium constant 
K rate constant 
length of diffusion pore 
L thickness of electrolyte 
M molecular mass 
n number of electrons transfeffed 
N number of moles 
PX partial pressure of gas X 
12 
P barometric pressure 
Ox 0 normal oxygen atom in metal oxide 
R gas constant 
RE reference electrode 
R, electrode resistance 
Rgb resistance of grain boundaries 
R,, resistance of electrolyte 
S entropy 
ti. 
On transport number 
T temperature 
V volume 
VO oxygen vacancy with effective double + charge 
WE working electrode 
X mole fraction 
z distance 
z impedance 
Cc power function of gas diffusion rate 
a. anodic charge transfer coefficient 
OCC cathodic charge transfer coefficient 
symmetry coefficient 
activity coefficient 
r leak conductance of diffusion pore (DAM) 
11 overpotential 
OP diameter of diffusion pore 
air to fuel (stoichionietric) ratio 
chemical potential 
Cre electrode conductance 
(71 ionic conductance of electrolyte 
(Tn n type electronic conductance 
(TP p type electronic conductance 
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Chapter 1 
Introduction 
"We must make the rescue of the envirottment the 
central organizing principle for civilization" 
Senator Albert Gore 1992 
1.1) General 
There is growing concern regarding the environmental and human health 
impact of gases such as NOIN02, S02IS03 and CO/CO2. These gases are being 
generated in large quantities by numerous processes: mainly combustion. The 
problem is not helped by the lack of low-cost instrumentation available for 
monitoring these gases at source and in the atmosphere. 
An interesting device that might help fill this gap in the market is an 
amperometric oxygen sensor made from zirconia that has been extended to measure 
other oxygen-containing gases. These sensors are based on the principle that oxygen- 
containing gases. can be reduced by 'pumping the oxygen out of them' with a 
zirconia electrochemical pump. By restricting access of the gas to the pump with a 
diffusion pore, and monitoring the current, the concentration of the gases can be 
estimated. These have been called zirconia multi-gas, or polarographic, sensors. 
Numerous other sensors have been reported in the literature but for a sensor 
to be commercially viable it must be cheap, simple, rugged, reliable, easy to use and 
have a fast response. Zirconia potentiometric sensors have a thirty year history in 
industry where they have convincingly displayed some of the above properties (Fray 
(1992)). Their cost is not at present low enough for applications such as domestic 
central heating units and their output is proportional to the log of the oxygen partial 
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pressure which makes them difficult to use for lean-bum control. Also, difficulty has 
been experienced adapting them to measure gases other than oxygen. Amperometric 
sensors have the advantage that they provide a linear output with respect to oxygen 
concentration and low-cost designs have been demonstrated (loannou and Maskell 
(1992)). The Energy Technology Centre at Middlesex University has substantial 
experience and expertise in the design and construction of amperometric oxygen 
sensors made using zirconia. It was therefore decided that zirconia amperometric 
sensor technology was the most appropriate one to pursue in this work. 
One application envisaged for the Energy Technology Centre's oxygen 
sensors was the monitoring of the gaseous environment in industrial plants, mines, 
aircraft and other places where the oxygen concentration might be depleted to 
dangerous levels. Another was for air-to-fuel ratio (or %) control systems in engines, 
furnaces and central heating systems. A, difficulty with combustion control 
applications was that the sensors gave a response of the same sign when the flue 
gases were rich or lean (Copcutt and Maskell (1992) and Benammar and Maskell 
(1993a)). They therefore did not allow, the two sides of stoichiometry to be 
distinguished unless additional features were added to overcome this problem. 
_ 
k 
1.2) Background to solid electrolytes 
The sensors studied in this work relied upon the solid electrolyte properties 
of zirconia, so in this section the theory of solid electrolytes relating to zirconia was 
examined. 
History 
Michael Faraday in 1839 was the first to notice that some solids conduct an 
electric current ionically. In 1899 Nernst did further work with his Nernst glower 
made of yttria-stabilised zirconia (YSZ). In 1937 Baur and Preis used YSZ again to 
I 
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make the first solid oxide fuel cell. The recent increased interest in solid electrolytes 
has been widely attributed to the papers published in 1957 by Wagner (Fray (1992)). 
Modem solid electrolytes can be broadly classified into 3 classes. Zirconia 
is an example of an extrinsic conductor. 'Mis is because pure zirconia is a poor 
conductor and it is only when it is doped with an aliovalent oxide such as yttria or 
calcia that it becomes a good ionic conductor. B-Bismuth oxide (BiO3) is an 
example of an intrinsic conductor which has a high concentration of oxygen 
vacancies in the crystal structure of the pure compound. It therefore has good 
oxygen ion conduction without any stabilizers being introduced. Stabilizers are, 
however, helpful in improving several properties of the compound such as strength 
and conductivity. The third class contains amorphous conductors which includes a 
wide range of glasses and polymers (see eg. Tuller and Moon (1988)). 
The conductivity of zirconia is almost entirely due to oxygen ion conduction 
when the applied voltage is less than about 2V and hence the interest in using this 
property for a number of practical applications. For instance zirconia is used in 
electrolysis cells for the production of very pure oxygen and in a range of sensors 
sensitive to oxygen only. The first oxygen sensors using zirconia were 
potentiometric devices described in papers by Kiukkola and Wagner in 1957 and 
Peters and Mobius in 1958 (see eg. Steele et al (1981)). 
Solid electrolytes are now widely studied, but considering their potential for 
helping to improve the quality of the world's atmosphere, it can be argued that even 
the present level of research is too little. A wide range of gas sensors can be made 
from them but because of a lack of development only the potentiometric zirconia 
oxygen sensor for car exhausts has been widely used. A number of solid electrolyte 
fuel and storage cells have been developed but more work is required to reduce the 
price and increase reliability. Electrolysis cells and systems for cogenerating 
chemicals and power also hold considerable promise for reducing pollution if they 
were to be sufficiently developed. 
S 
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1.2.2 Zirconia versus other electrolytes 
Zirconia has a number of advantages over other solid electrolytes. 
It is relatively cheap since zirconium is the 20th most abundant element on 
the earth's crust (Weast (1988)). 
0 It is chemically stable. 
0 It has a relatively high conductivity particularly when stabilized with yttria 
or scandia. 
0 The electronic conductivity is substantially lower than the ionic conductivity 
in a wide range of oxygen partial pressures. Ibis makes it ideal for many 
applications requiring reliable operation in extreme oxygen partial pressure 
conditions. 
0 It is strong and tough and tetragonal zirconia polycrystal (T"ZP) has such 
remarkable mechanical properties'that it has created great interest from 
materials scientists for that reason alone. 
Zirconia has proved reliable for many applications such as for oxygen sensors 
for gases (Anthony et al, (1984)), molten metals (Fray (1992)), and fuel cells 
(Steele (1985)). It is therefore well understood and trusted. 
Zirconia was used exclusively in this work but there is room for improvement 
and many workers have devoted time to finding better electrolytes (eg. Fouletier and 
Henault (1983)). 
Thoria has even better resistance to reduction and to the onset of n-type 
electronic conductivity at high temperatures and low oxygen partial pressures. It has 
been estimated that for a given low oxygen partial pressure thoria has an n-type 
conductivity 3 to 5 orders of magnitude lower than that of zirconia (Etsell and 
Flengas (1970)). The disadvantages are that thorium is radioactive, more expensive, 
and it has significant p-type electronic conductivity in air. * 
A few other electrolytes have shown less electronic conductivity at low 
oxygen partial pressures than zirconia. Recently Wang et al (1988) claimed that 
CaZrO3 was more shock resistant and more resistant to reduction than zirconia. 
I 
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However, Yajima et al (1991) showed that it is a proton conductor which could 
complicate its use. However. there is speculation that zirconia is also a proton 
conductor under extreme conditions (Usui et al (1989c)). Etsell and Flengas (1972) 
found that CO/CO2 mixtures gave an accurate Nernst voltage at low oxygen partial 
pressures on calcia-stabilised zirconia (CSZ), while it had been reported that Hý/H20 
mixtures did not. 'Mis could suggest proton conduction in zirconia although 
phenomena such as mixed potentials could -also explain these results. 
Another possibility for high temperature, low oxygen partial pressure 
applications is mullite (3Al2o3.2SiO2) (Nagatani et al (1992)). 
There is an intensive search for electrolytes with better conductivities 
particularly at lower temperatures. One of the best reported to date is an oxide of 
bismuth, copper and vanadium (BICUVOX) (Abraham et al (199o)). 
BVOSCUO. 105.35 has an ionic conductivity of 0A2(Qm)-1 at 300*C and 0.047(ilm)-l 
at 200T (more than 2 orders of magnitude higher than YSZ) and is therefore 
promising for low temperature work. Unfortunately, as with all bismuth based 
oxides, it is more easily reduced than zirconia and is not as strong. Bismuth is also 
toxic while there are no reports of zirconia being toxic. 
1.2.3 The Kroger-Vink notation and nonstoichiometry. 
Zirconia is often represented by the chemical formula ZrO2 but the ratio of 
zirconium to oxygen atoms'is rarely in the exaciiatio of -one to two. Most mew 
oxides are slightly nonstoichiometric. For pure zirconia the deviation from 
stoichiometry, x (in Zro2-. ), is only 10-8 at 0.1 MPa oxygen partial pressure (Kofstad 
(1983)). x increases as the oxygen pressure decreases. The crystal structures of 
metal oxides usually contain a variety of imperfections or disorders. Kroger and 
Vink devised a system for describing nonstoichiometric solids that has become 
widely used. It is outlined below but for more details the reader is referred 
elsewhere, e. g. Kofstad (1983). 
0% 
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An oxygen atom in a metal oxide has 2 extra electrons associated with it 
because it is far more electronegative than the metal atoms in the crystal. It is 
assigned the symbol 0' where the superscript x indicates that the atom is treated as 0 
neutral even though it is negatively charged. 7bis is because it is "effectively" 
neutral. If the structure is missing a neutral oxygen atom the electrons that would 
have been associated with the oxygen move away from the vacancy leaving it with 
an effective positive charge. Dots are used instead of + signs to distinguish between 
effective and actual positive charges. Such an oxygen vacancy is given the symbol 
VO. The dash in the symbol e' for an electron indicates an effective negative charge. 
The concentration of oxygen vacancies in zirconia can be increased by 
partially reducing it. Since the overall structure must remain neutral the result is to 
increase the concentration of vacancies with a effective double positive charge (V; ). 
Another method to increase the vacancy concentration is to add an aliovalent 
compound (or dopant) such as yttria (Y203) or calcia (CaO). It is also known as the 
stabilizer because it stabilizes the cubic or tetragonal crystal structure at moderate 
temperatures. 
The overall electrochemical reaction between gaseous oxygen and zirconia can 
then be expressed as: 
02(g) + 4e' + 2VO 200". 
1.2.4 Mechanism of ionic conduction 
The mechanism of ionic conduction in solid ionic conductors is not fully 
understood. In the search for better solid electrolytes, much work has been done in 
attempting to predict the conductivity of compounds but so far the results are 
qualitative and not quantitative (eg. Kilner and Brook (1982)). Tuller and Moon 
(1988) present a good general summary of recent understanding. Ionic 
conductivity is temperature dependent and follows an Arrhenius type behaviour. This 
suggests that the process is thermally activated and involves ions hopping from site 
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to site. At higher temperatures the mobile ions have more kinetic energy and can 
move more easily between the sites. The sites in zirconia are oxygen-ion vacancies 
in the crystal structure created by aliovalent oxides. Ionic conductivity approximately 
follows the relation: 
Cli = 
Ai 
exp T 
R is the gas constant, T the temperature and A, is the ionic conductivity 
constant. The activation enthalpy (-Afk. ) is sometimes quoted in electron volts (eV); 
to convert to J mol-1 multiply by the Faraday constant (F = 96485 [C equiv"]). Alý 
often increases as the temperature decreases (eg. see Suzuki et al (1981)). The 
constant Aj is therefore temperature dependent and many authors use A, by itself 
instead of A, / T. Both Ai and A. are complex functiofis of the composition and 
crystal structure. 
It has been shown that a phenomena called 'jump relaxation' or 'dielectric 
relaxation' is important in determining the conductivity of many solid electrolytes 
(Funke (1988)). Bates and Wang (1988) showed that relaxation explains their 
experimental results with zirconia. The theory in essence states that an ion that has 
just jumped to a new vacancy site has a large probability of jumping back in the 
direction it came from. When an ion occupies a vacancy in the crystal structure it 
helps to create a field or 'defect cloud'. If it jumps to a neighbouring site the cloud 
created by nearby ions will tend to pull it back. If it manages to stay in the new site 
long enough, other nearby ions will jump in the same direction and 'relax' the cloud. 
In the relaxed cloud it has a reduced chance of jumping backwards and may even 
jump forwards again. ' Ratner and Nitzan (1988)'explain how this model is similar 
to the Debye-Huckel theory for liquids but also mention other models that have been 
proposed. 
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1.2.5 Zirconia crystal structure 
A study of the crystal structure of YSZ reveals a little about the optimum 
level of yttria doping. YSZ can exist in any of 3 different crystal structures; 
monoclinic, tetragonal or cubic. Fig. 1.1 shows the phase diagram for YSZ using 
averaged data from Nowotny et al (1988) and Yoshimura (1988). The exact location 
of the phase boundaries is uncertain below 2000"C because of the slow approach to 
equilibrium, continuous transformations, and significant influence from minor 
impurities. 
3000 
x 
u 2000 el 
1000 
0 
liquid 
T T+C 
m 
M+C 
02468 10 12 
Mole% Y203 
Fig. LI: Phase diagram of yttria-stabilised zirconia (Nowotny et al (1988) and 
Yoshimura (1988)). C-cubic, M-monoclinic, T-tetragonal. 
Zirconia stabilized by oxides other than yttria, displays similar characteristics. 
Monoclinic zirconia has the least desirable physical and electrical properties and is 
avoided for most purposes. The cubic phase has the best ionic conductivity and has 
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been the ceramic used for most oxygen sensors. Tetragonal zirconia polycrystal 
(TZP) can be made with between 2 and 5mole% Y203 in Zr02 and is a very 
promising material. TZP is extremely strong and tough and it has been found that 
if the size of the grains is small enough the transformation to the monoclinic phase 
is greatly inhibited. The grain size must be below about 0.2gm for 2% Y203 but at 
higher concentrations there is disagreement. (Badwal and Nardella (1989)) claim 
0.6grn grains are needed for 5% Y203 while Nettleship and Stevens (1987) claim 
Igm for 3% Y203. The small grain size required for UP means that it must be 
made by sintering very fine powders. 
The conductivity of cubic zirconias increases as the percentage of dopant is 
reduced until the limit of stability of the purely cubic structure is reached (7 to 
9mole% Y203). Formation of the tetragonal phase with further decrease in dopant 
concentration can cause a large decrease in conductivity at high temperature 
(Nakamura and Wagner (1986)). However. zirconia with the cubic and the tetragonal 
structure (partially stabilized) is widely used because its conductivity is still good, 
particularly at low temperatures. It is also tougher than purely cubic zirconia (fully 
stabilized). 
With calcia-stabilized zirconia (CSZ) a maximum in conductivity is reached 
at 12% CaO when there are about 6% anion vacancies, yet the conductivity is lower 
(Etsell and Flengas (1970)). Kilner and Brook (1982) showed theoretically that the 
difference in ionic radius bet ween zirconium and the dopant cation has an important 
influence on the conductivity. With Zr and Ca the difference is large which is 
unfavourable. 
While the constant Ai (in eqn. (1.2)) reaches a definite maximum when the 
tetragonal crystals are just beginning to form in the cubic structure. the trend in A. 
is more complex. It tends to increase with increased dopant concentration but may 
decrease in-the low concentration range (Baumard et al (1988)). Sorensen et al 
(1985) suggested that the vacancies created by the dopant in zirconia cause defects 
in the crystal structure and as the concentration of vacancies increases the defects 
tend to aggregate which reduces the mobility of the cparge carriers. A number of 
I 
22 
theories involving the interaction of vacancies have been proposed eg. Nakamura and 
Wagner (1986) and Ratner and Nitzan (1988). Whatever the mechanism, the result 
is that AHj is so much lower in 3Y-YSZ (3mole% Y203) than in 8Y-YSZ (8mole% 
Y203) that the former can have better conductivity below about 400. or 500'C. 
1.2.6 Grain boundaries and ageing 
When solid electrolytes are sintered they form grains. Many of the impurities 
tend to diffuse to the grain boundaries. These impurities alter the conductivity of the 
electrolyte, so the grain boundaries have different electrical properties to the bulk of 
the grain and cause a measurable effect. 
In a pioneering paper Bauerle (1969) used complex impedance measurements 
or frequency response analysis (FRA) to study the conductivity of lOY-YSZ with 
platinum electrodes. He devised an electrical equivalent circuit that explained some 
of the impedance results and clearly separated the contribu tion of the electrodes and 
the electrolyte. His equivalent circuit for the electrolyte included a parallel resistor 
and capacitor in series with another resistor (shown below). 
R, j Ro R9 
Cdl l9b 
He proposed that the series resistor might represent the intra-grain resistance (R. ) and 
that the parallel RC network might represent the grain boundary impedance. 
However, he thought that vacancy trapping was a more likely explanation for C9b* 
Because k, and Cd, changed with the gaseous atmosphere in which the test was 
performed he-concluded that the'Y were associated with the electrode. 
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By going to higher frequencies and lower temperatures subsequent workers 
showed an extra capacitance in parallel with R. (as shown below) provided a more 
accurate representation of many solid electrolytes. 
R, l Rfi 
R9 
Idl 
. 
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It is generally accepted that the high frequency network represents intra- 
granular phenomena and the mid-frequency network represents grain boundary 
phenomena. However. the situation is not simple. While CS is often orders of 
magnitude smaller than Cob, this is not always the case (partly because they are 
frequency dependent) and they sometimes cannot be clearly distinguished. FRA 
sometimes does not clearly indicate a bulk and a grain boundary network and a more 
complex equivalent circuit is indicated. 
Dielectric relaxation mentioned in section 1.2.4 is the most likely explanation 
of C.. It explains the magnitude of C. and the fact that it increases with decreased 
frequency. 
ýý Impurities diffuse out of the oxide particles during sintering of the ceramic 
and play a key role in the formation of the grains and the general sintering process. 
Grain boundaries in zirconia are usually very thin (2-10run) so -their chen-dcal 
analysis is difficult. The evidence is that the phase is composed of glassy silicates 
with a liquidus at about 1450*C and that their ionic conductivity is poor. Theunissen 
et al (1989) found that the grain boundary phase of YSZ contained 30-34% yttria 
independent of the bulk concentration, and Hughes and Sexton (1989) found a 
composition of 1.5Na2O: O. 5y2o3: 3, OS'02. Badwal and Drennan (1987) found that 
the grain boundaries in the fired ceramic contained silica as the main component 
even when using a high purity zirconia powder with 20gg/g of silica in it. Baumard 
et al (1988) reported that Rsb increased as the Si content increased. Badwal (1990) 
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compressed zirconia held at 1200"C- and found that Rgb decreased as the pressure 
increased. The pressure reduced the thickness of the glassy grain boundary phase by 
pushing it into the triple junctions and out of the way of the current flow. He 
(following Leach et al (1986)) found that a similar effect could be produced by rapid 
cooling from the sintering temperature. 
Alumina is also an aid to sintering (Radford and Bratton (1979a)) and causes 
a decrease in Cb (Radford and Bratton (1979b)). Steele and Butler (1985) proposed 9 
that the alumina causes a mullite type grain boundary to form which has improved 
conductivity compared to the usual grain boundaries which have a high silicon 
content. A number of authors have reported that R, b is inversely related to the grain 
size in zirconia (Bonanos et al (1984), El Barhmi et al (1988a), Badwal (1990), and 
Slotwinski et al (1985)). R. was hardly affected by these alumina additions which 
adds support to the initial assumption that the total electrolyte impedance is equal to 
the sum of the bulk and grain boundary impedances. However, much of the above 
work was done with TZP and the results are not so clearly defined for partially (PSZ) 
and fully stabilized zirconia (FSZ) which form grains approximately an order of 
magnitude larger (Steele et al (1981)). 
Doubt has been thrown on the interpretation, used above, of the impedance 
spectra by Nafe (1984). He examined the DC'resistance of CSZ, YSZ and yttria- 
stabilized thoria over the very wide, temperature range of 300 to 2000K., He 
concluded that at high temperatures the total conductivity was dominated by the 
grains and at temperatures below about 300*C by the grain boundaries. He proposed 
that a parallel RC network is not an accurate equivalent for the grain boundary 
impedance: it is an over-simplification and consideration needs to be given to grain 
boundaries parallel to the current flow. 
Ceramics usually have residual porosity and this porosity is usually 
concentrated at the grain boundaries. This porosity was suspected of contributing to 
Cgb* However, Kleitz et al (1981a) found that porosity had little effect on Cb and 
that high porosity only increased R.. 
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One possible cause for confusion in some conductivity results is ageing 
(Vlasov and Perfiliev (1987)). Ageing is characterised by a slow decrease in 
conductivity. All zirconias are prone to high temperature ageing which becomes 
significant above 800'C and reaches a peak near 1200"C. In some cases it is due to 
continued diffusion of impurities such as SiO2 into the grain boundaries. Formation 
of the monoclinic phase, with its low ionic conductivity, may also be a factor. 
Ordering of the crystal lattice or formation of micro-domains has also been suggested 
(Vlasov and Perfiliev (1987)). 
Ageing is slow (days to months) and has been correlated with the slow 
diffusion of cations. Typical diffusion coefficients am: 10-21 to 10-22m2s-1 for Z& 
and 10-11 to 10-12M2S-1 for 02' at 1000"C (Etsell and Flengas (1970)). 
In addition to high temperature ageing TZP can also be affected by a severe 
low temperature degradation. It is particularly severe around 200-250"C and 
Yoshimura et al (1987) have shown how it is probably due to the diffusion of OH- 
into the crystal structure. The OH- causes a tetragonal to monoclinic transformation 
(t-m) starting at the surface, creating cracks that grow into the bulk. The process can 
be reversed at 1400*C. This theory is supported by Badwal and Nardella (1989) who 
showed that t-m. transformation is prevented if the water concentration is very low 
but is promoted by anodic conditions. With these 2 ageing processes the long-term 
use of TZP is restricted to near room temperature and between about 500"C and 
800"C (Badwal (1990)). 
Small grains, hot isostatic pressing and small alumina additions all help 
reduce ageing of TZP (Nettleship and Stevens (1987)). Badwal and Nardella (1989) 
found that a high silicon content caused inhomogeneous grain growth and thus 
enhanced proneness to ageing. 
The surface of the electrolyte has features in common with internal grain 
boundaries and Nowotny et al (1988) showed that Al and Ca migrate to the surface 
of YSZ and form a very thin but concentrated layer. This layer took more than 100 
hours to form at 780T. Hughes and Badwal (1991) showed a similar result with 
silicon migrating to the surface and taking yttria with it. They also found marked 
"I 
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changes in behaviour from small variations in impurity concentration. Ile use of 
high purity material is therefore important for minimizing ageing effects and 
generally increasing the reproducibility of results. 
1.2.7 Electronic conduction 
The total conductivity is the sum of the conductivities of all the different 
charge carriers. The only significant charge carriers in zirconia are oxygen ion 
vacancies, electrons, holes (electron vacancies) and in some circumstances possibly 
protons. Holes tend to form at high oxygen partial pressures by the reaction 
%02(g) + VO ; =: =! 00' + 2h*. (1.3) 
p-type serniconductivity is thus created by the holes formed and the conductivity 
follows the relationship: 
Cyp '2 Cy 
0 P02 1/4, (1.4) P 
where cyo- is the conductivity due to holes at unit oxygen partial pressure. P 
At low oxygen partial pressures zirconia is partially reduced, the equilibrium 
goes the other way and free electrons are formed generating n-type conductivity. , 
(1.5) OOX 3402(g) + VO + 2e'. 
The conductivity due to electrons is also oxygen pressure dependent and 
follows a similar relationship: 
CIn 2 CIO n poil/4. 
Fig. 1.2 shows a plot of conductivities of zirconia-as a function of oxygen 
partial pressure using data from Kleitz et al (1981c). This group was one of the few 
to study the n-type conductivity of, YSZ - most work has been done on calcia- 
stabilized zirconia. Palguev, et al (1975) found the p type conductivity of YSZ to be 
lower than that reported by Kleitz'et al while Beresnev (1991) found it to be slightly 
higher. 
.- 
The, . presence of electronic conductivity causes electrochemical 
semipermeability which is considered in more detail in section 1.6.3. 
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Fig. 1.2: Conductivity of YSZ. The horizontal lines represent ionic conductivity 
which is independent of oxygen potential. The lines with slope -V4 and -0/4 represent 
n-type and p-type conductivity respectively. -. 650"C; ---, 950"C. Data from 
Kleitz et al (1981c). 
Using an electrode consisting of a point of various metals pressed onto 
zirconia Kleitz et, al (1981b) showed that partially reduced zirconia is reoxidised in 
4 stages. The phenomena could only be observed with a point electrode because the 
effect diffuses rapidly with distance. The first stage is probably associated with trace 
impurities of Fe which is readily reduced from a valence of 3 to 2. The second and 
third stages could be due to trace impurideg of Ti and Ce which also have variable 
valencies and can. thus promote electronic conductivity. Reetz et al (1984) and Levy 
et al (1988) also concluded that trace impurities such as Fe and Ti play a role in the 
electronic conductivity of partially reduced zirconia. 
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1.3) Solid electrolyte oxygen sensors 
In order to develop new sensors, existing sensors need to be thoroughly 
understood. The range of sensors being investigated is huge so this section has been 
severely restricted to the theory of sensors directly related to this work. Azad et al 
(1992) recently reviewed a wider range of sensors. Although the sensors described 
in this section are sometimes made from solid electrolytes besides zirconia, they have 
been described from the perspective of zirconia. 
Potentiometric sensors 
A typical potentiometric sensor can be represented as: 
P021pt I YSZ 1 Pt9P"02 
Fig. 1.3 shows such -a sensor. One electrode is exposed to a gas with an Oxygen 
partial pressure of P02 and the other electrode is exposed to a gas with an oxygen 
partial pressure of P'02. Ibis difference in oxygen partial pressure causes a potential 
to develop between the two electrodes. 'Ibis potential is given by the well known 
Nernst equation: 
E= RT ln P102 
P02, 
The constant R/4F is 2.15433xlO-5 [VK7'1; at 735"C the Nern'st voltage is 
50. OmV per decade of oxygen partial pressure ratio. 
Minimal current should be drawn from potentiometric sensors to prevent any 
significant overpotentials from developing on the electrodes. If the oxygen pressures 
involved are extreme enough to cause significant electronic conductivity an error will 
be caused by three factors. 
a) The electronic conductivity will cause a flux of oxygen ions in the 
electrolyte from high pressure to low pressure (to compensate for the flux of 
/ 
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electronic carriers). This will create an overpotential on the electrodes that will 
reduce the EMF. 
The leakage of oxygen will increase P02 on the low pO2 side. 
Fouletier et al (1976) and Iwase et al (1984) showed that this was not nearly as 
important as the overpotential factor. 
C) The Nernst equation as shown above was derived assuming an ionic 
transport number (%. ) of close to 1. If %. <I then the voltage drop across the two 
electrodes is equal to the Nemst voltage multiplied by %... ne value of %.. used is 
found by integrating across the thickness of the electrolyte (Etsell and Flengas 
(1970)). 
E ': tion 
RT ln P1 
02 
U P02 
In commercial sensors one electrode is often exposed to air and the other 
immersed in the medium where the oxygen partial pressure is to be measured. 7be 
air acts a's a reference with a known oxygen partial pressure so that the Nernst 
equation can be used to calculate the unknown pO2. A common application for these 
sensors is the air to fuel ratio control of engines with catalytic convertors (Maskell 
(1987)). 7be sensor shown in Fig 1.3 is a typical example. They are also used for 
testing the oxygen levels in molten steel. Because of the high temperatures involved 
sensors for steel can have a lifetime of a few seconds. Sometimes steel sensors use 
a Cr/Cr203 mixture as an oxygen partial pressure reference instead of air (Fruehan 
et al (1969)). The low pO2 created by the chromium means that the difference in 
oxygen partial pressures is reduced and this decreases the leakage due to 
semipermeability. The accuracy is therefore increased. 
30 
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Fig. 1.3: A typical potentiometric oxygen sensor made using a zirconia thimble. 
More detail about potentiometric sensors can be found in numerous papers eg. 
Maskell and Steele (1986), Fouletier (1974) and Anthony et al (1984). 
1.3.2 Amperometric sensors 
These are not yet widely used but hold promise for many applications 
including the sensing of gases other than oxygen., Recýini work in the Energy 
Technology Centre has included development of thick film heaters for attachment to 
sensors and of control electronics, (Benammar' and Maskell (1989)). These 
developments have enabled lower cost devices to be produced which are now being 
incorporated into prototype domestic boilers (Hargreaves and Ovenden (1990)). 
Sensors made by screen printing layers of platinum and zirconia have also been 
produced (loannou and Maskell (1992)) enabling a further reduction in cost. 
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Fig. 1.4 shows an amperometric sensor with a reference electrode (RE) and 
a schematic diagram of the circuit used to operate it. Oxygen is pumped out of the 
internal chamber so that the oxygen partial pressure within the chamber is very low. 
The electrochemical reaction involved in the operation of these sensors is simply: 
02(g) + 4e 20'2- (1.9) 
Oxygen is consumed at the cathode inside the sensor and released by the 
anode on the outside surface. 
nn Diffusion hole 
YSZ discs 
Metal Seal 
Electrodes 
reloy 
Fig. 1A A zirconia amperometric oxygen sensor with metal seal. 
Normally a pumping potential of aboui 5OOmY is applied to the electrodes. 
This potential leaves the enclosed volume with a minimal oxygen partial pressure and 
creates a limiting current situation. An equation for the limiting current (IL) of a 
sensor can be derived by doing a mass balance on a small length (dz) of the diffusion 
pore. The balance is (Saji et al (1984) and Usui et al (1989)): 
32 
J= -D. 
ý-Co' 
+ Xo,, Jc), 02 dz 
where J02 is the oxygen flux and D is the diffusion coefficient of oxygen in nitrogen. 
C02 is the oxygen concentration and X02 is the mole fraction of oxygen. 
The first term on the right hand side of the balance comes directly from 
Fick's, first law of diffusion. The second term in the equation accounts for the 
oxygen carried with the flow of gas through the diffusion pore caused by the 
pumping of the oxygen. Using the ideal gas law it can be seen that: 
C02 
' '2 
X02 P/ RT. 
P is the total ambient pressure. The result of substituting this into eqn. (1.10) and 
reaffanging is: ý, I- 
-Dp 1 
dXo, 
1 0, , RT (1-x, ) dz 02 
The boundary conditions for solving this differential equation are: 
i) at Z= 01 X02 X02 external 
ii) at z= to X02 zero (in the limiting condition). 
where I is the length of the diffusion port. 
The result is: 
jo; 
l 
=- DP in (1 -x ) 03 
If ý-O. is unity Faraday's law can be applied to obtain the limiting current (IL): 
4FDApP 
Iý= 
RTI 
1n (1 X02) (1.13) 
where AP is the cross sectional area of the diffusion pore. 
The term ln(I'XO2) approaches -XO2 as X02 approaches zero so eqn(I. 13) can 
be simplified to eqn(I. 14) for low oxygen concentrations. 
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4FDkP 4FDAP 
IL= - K-X 02 =- P02 (1.14) RTI RTI 
Eqn(1.14) can be derived directly from eqn(I. 10) if the second term of the right hand 
side is removed. For air, eqn(I. 13) gives a result 11% higher than eqn(I. 14). For 
10% and 1% oxygen the errors in eqn(I. 14) are 5.1% and . 51% respectively. It is 
difficult to measure accurately the diffusion pore size and the diffusion coefficients. 
Therefore, by finding a pore size that gives a best fit to eqn(I. 14) at about 10% 
oxygen the error would never be greater than about 5% for all concentrations up to 
21%. Greater accuracy was desired in this work so the -ln(I-XO2) correction was 
used. - 
Eqn(1.13) and (1.14) are applicable whether the type of diffusion is bulk or 
Knudsen. Bulk diffusion dominates when the size of the diffusion pore is greater 
than the mean free, path length of the diffusing gas (Dietz (1982)). The mean free 
path length in air at OAMPa and 15*C is 6.63xlO-8rn (Weast (1988)). Under the 
conditions considered here the ideal gas law can be used with little error. Iberefore, 
the mean free path length is proportional to the inverse of the absolute temperature 
and at 700"C it is 2.24x 10-7M which is 100 times smaller than the smallest diffusion 
hole used in this work. ý For bulk diffusion the relationship between the diffusion 
coefficient (D) and temperature and pressure is (Reid et al (1987)): 
cc 
Tm 
p 
where cc is a constant dependent upon the gases in the mixture. 
cc is usually in the range 1.5 to 1.75 as can be seen by examination of the 
formulae for estimating D in Appendix 1. It can be seen from eqns. 1.13,1.14 and 
1.15 that 1L is proportional to V"-') (Dietz (1982)) and therefore amperometric 
sensors are expected to show a temperature dependence of between 10-5 and 10.75. 
It can also be seen than IL is approximately independent of the total pressure. The 
current is therefore a measure of oxygen concentration rather than partial pressure 
(Dietz (1982)). 
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The estimated value for D for oxygen in nitrogen at 700T is 164 MM2g-I 
(Perry (1984)). Therefore, a sensor with a 25gm pore 0.7mm long should give a 
limiting current in air of 116gA at 700"C. , 
At total iunbient pressures below about IkPa Knudsen diffusion would be 
expected to dominate assuming a 25gm pore and 700*C. Knudsen diffusion follows 
the relationship (Dietz (1982)); 
Op ý- ' 
D= ERT 
3 7KC M 
ep'is the diameter of the diffusion pore, and M is the relative molecular mass of the 
diffusing species. 
When Knudsen diffusion dominates, IL should be proportional to the oxygen 
partial pressure and toff-5. The 'Knudsen sensor' therefore differs from the 'bulk 
sensor' in being pressure sensitive and having an output that decreases with 
increaýing temperature. Usui et al (1989b) verified the absolute pressure dependence 
using a 221Lm pore. Above 40kPa IL was independent of pressure but below that 
pressure Knudsen diffusion started to show an influence and IL decreased. Karno et 
al (1985) using a 500pm pore found IL to be slightly dependent on the total pressure 
down to about 5kPa when it became directly dependenL Kamo et al (1985) and Usui 
et al (1989b) both found a temperature dependence of 10.73 in the bulk diffusion 
region indicating an cc value of 1.73. 
The limiting currents reported in the above equations are negative. This is 
because international convention has chosen cathodic currents to be negative and 
anodic ones positive. The working electrode in this work was always the internal 
pumping electrode which must be cathodic in order to pump oxygen out of the 
internal volume. Limiting currents for amperometric oxygen sensors am therefore 
negative in this work. 
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1.3.3 Pump-gauge sensors 
A number of devices come under the general heading pump-gauge. They 
share several features with amperometric sensors but also include a Nernstian gas 
sensing cell in addition to a pump cell. Early examples were made with zirconia 
tubes by Fouletier et al (1975). Flow into the sensor, of the gas to be analyzed, was 
controlled by some external arrangement. Later designs used two discs of electrolyte, 
one acting as a pump, and the other as a gauge (Haaland (1977) and Hetrick et al 
(1981)) see fig. 1.5. 'Flow' was controlled by the size of the diffusion pore. 
electrodes 
YSZ discs 
Gloss seal 
Punp electrodes 
Fig. 1.5: A pump-gauge oxygen sensor made with a glass seal. 
Two modes of operation are commonly used. 
a) Constant E. mode. If the pump current is adjusted so that the gauge 
voltage is constant, and large (eg. 150mV indicates a 1000 fold decrease in oxygen 
pressure) then the current follows the relation given by eqn. 1.14 above. However, 
there are advantages in using lower gauge voltages as discussed later. The equation 
describing the pumping current can be obtained by combining eqn(I. 7) (Nernst 
equation) and (1.14) to give (Hetrick et al (1981)): 
I 
Diffusion pore 
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f 
4FDAP 
P02(l - exp ( 
-4FEq) (1.17) 
RTI RT 
) 
where E. is the voltage on the gauge cell. 
b) AC mode. If a sinusoidal current is applied to the pumping electrodes, 
the gauge voltage will also vary with an approximate sinusoidal waveform. The peak 
amplitude of E. indicates the oxygen partial pressure. This mode of operation has 
several advantages such as removing the need for an oxygen partial pressure 
reference. Several -enhancements to the basic idea have been described (Benammar 
and Maskell (1992a & b, 1993b). 
1.3.4 Coulometric sensors 
These sensors derive the oxygen partial pressure from the charge required to 
pump the oxygen out of an enclosed volume. 'Mey are constructed on the same 
principle as the pump-gauge sensor except that the diffusion pore is not necessary. 
Oxygen is pumped into the small enclosed compartment until pO2 is the same inside 
and out. Ibis is measured with the gauge cell and a zero Nernst potential indicates 
j, 1 
equality of the internal and external, oxygen pressures. Taraday's law then defines 
the charge required to remove the oxygen from the compartment. They have the 
disadvantage of requiring complex control circuitry and the response is slow. Heijme 
et al (1975) patented a coulometric sensor that was a small intellectual step from 
being the first amperometric sensor. It used the charge required to empty the 
chamber of oxygen and/or the time required to replenish it via a diffusion barrier to 
determine the oxygen concentration. More details can be found in Haaland (1977) 
and de Jong (1983). 
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1.4) Extending the application of sOlid electrolyte sensors 
Gas sensors made using solid electrolytes have the advantages that they are 
heat resistant, miniaturisation is straightforward and they can be robust and long 
lived. All the sensors described in section 1.3 can be made with electrolytes that 
conduct ions other than oxygen and their application can therefore be extended to the 
corresponding gases. At present viable electrolytes are available only for the 
following gases: hydrogen, the halogens and carbon and sulphur oxides. 
Glass is a hydrogen conductor and the pH probe is a well known example of 
a potentiometric sensor. NASICON is a sulphur ion conductor but it also conducts 
oxygen ions. This means that the oxygen concentration must be known in order to 
calculate the concentration of the sulphur oxides. Sensors using it therefore need to 
be used in conjunction with oxygen sensors. Although this adds complication, a 
combined oxygen and NASICON sensor could simultaneously determine the 
concentration of oxygen and all the sulphur oxides (assuming equilibrium conditions) 
(Gauthier et al (1977) and Skeiff and Dubreuil (1993)). 
If - the sensing electrode is made of a compound containing both the ionic 
species of interest and the ionic species mobile in the electrolyte, a sensor can be 
made for -a very . wide range of species., For instance a phosphorus sensor has been 
made using a sodium phosphate electrode on P-alum'ina. Sodium ions are mobile in 
P-alumina and a potentiometric sensor made from it therefore measures the sodium 
activity of the electrodes. The sodium -phosphate electrode produces a sodium 
activity that is related to the phosphorous activity of the fluid (eg. molten metal) that 
surrounds it. It is therefore possible to calculate the phosphorus concentration using 
the cell potential and a knowledge of the thermodynamic stability of sodium 
phosphate (Fray (1992)). 
The same principle has been used to detect oxygen at room temperature using 
fluorine io n conducting electrolytes (Alcock et al (1992)). Rao et al reviewed NO. 
sensors anddescribed a device for NO/NO2 detection using P"-alumina. Azad et al 
(1992) recently reviewed a wide range of solid electrolyte sensors. 
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As mentioned in section 1.2.2, zirconia has a number of advantages and 
therefore it has been used wherever possible. Some of the reported work is discussed 
below. 
Lean-bum control sensors 
Combustion processes of all kinds produce many of the air pollution and 
atmospheric problems suffered today. Lean-bum (excess of air) combustion has a 
number of important advantages over stoichiometric combustion including: 
" Reduced emission of carbon monoxide. 
" Reduced proportion of fuel that passes through the system unbumt or only 
partially oxidized. 
However, if a gas concentration sensor in the exhaust gases is not used to provide 
feed-back control of the combustion a relatively large excess of air is required to 
ensure that excess fuel conditions do not occur. A sensor in a feed-back control loop 
allows the fine control required to maximize the advantages of lean-bum. 
The emission of nitrogen oxides can be reduced by accurate dynamic control 
of the air to fuel ratio (Matsushita et al (1984)). Together with the previous 
2 points it might be possible to achieve tolerable emission levels from petrol 
engines without any catalytic convertor with its associated use of precious 
meWs. - 
0- If the excess of air is kept to an optimum level the efficiency'' of the 
combustion can be maximised. A 10-15% improvement compared to 
operation at stoichiometry can be achieved for petrol engines (Kobayashi et 
al (1984)). 
The problem with potentiometric sensors is that they have low sensitivity to 
changes in the air-fuel ratio in lean-bum conditions. -1 This could be partly overcome 
using costly tem rature control to negate the temperature sensitivity, but the output 
, 
pe 
signal would still need to be linearized and amplified. The output is also sensitive 
to the presence of gases such as CO and NO., at temperatures below 400 or 500T 
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which could be a problem when the engine is starting from cold. Attempts have 
been made to overcome, some of these problems by several workers including 
(Subbarao and Mad (1983)). These sensors have not been successful. 
Zirconia amperometric sensors hold promise for lean-burn control but the 
simple designs described above cannot distinguish the two sides of stoichiometry. 
In lean-bum conditions the potential on the external pumping electrode (anode) is 
! ypically less than, lOOmV negative with respect to air. The pump voltage of 
typically 500mV therefore creates a potential of 500-6OOmV negative relative to air 
on the internal pumping electrode (cathode). This is insufficient to reduce either C02 
or H20. The problem during rich-bum conditions is that the anode potential 
increases to more than 700mV negative with respect to air which means that the 
cathode potential becomes more than 
. 
1200mV negative relative to air. This is 
sufficient to reduce C02 and H20, The result is a current during rich-bum conditions 
in the same direction as the current during lean-burn conditions (Benammar and 
Maskell (1993a)). 
Several authors have proposed solutions to this problem. Dietz (1982), 
Soejima and Mase (1985) and Ueno et al (1986) describe sensors that use an air 
reference. By holding the Nernst potential between the air electrode and an electrode 
within the pumping potential at about 4OOmV, they found that lean-bum always gave 
4 negative current and rich-bum always gave a positive current. Logothetis et al 
(1985) describe a similar device but the air reference is only used to detect on which 
side of stoichiometry the system is. Kobayashi et al (1984) described the 
development of a lean-bum engine that used an adapted thimble sensor. By adding 
a ceramic diffusion layer they turned it into an amperometric sensor with an air 
reference. 
Suzuki et al (1985) and Maskell (1991) both described double chamber 
devices that did not need air references. Benammar and Maskell (1993q) have 
demonstrated the feasibility of one possible mode of operation for double chamber 
devices. 
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1.4.2 ý Non-Nernstian sensors 
These sensors can be used to detect reducing gases such as carbon monoxide, 
methane and hydrogen in air (Haaland (1980)). Ile sensor consists of two electrodes 
of different materials on a zirconia disc. One electrode is made of a metal such as 
platinum which catalyses the oxidation of the reducing gas. The other is made of a 
non-catalytic metal such as gold. The reducing gas reacting on the platinum 
electrode makes the oxygen concentration on that electrode lower than on the non- 
catalytic electrode. A Nernst potential is therefore developed. These sensors are not 
specific because a wide range of gases and volatile organic compounds can produce 
a response. - They are useful for such applications as fire hazard alarms. Haaland 
(1980) has studied various electrodes with different gases'and has also investigated 
creating electrodes with low catalytic activity by poisoning them with sulphur or 
lead. 
Moseley (1988) gave "non-Nernstian sensors" a broader classification to 
include the anomalous EMF sensors discussed in the next section. 
1.4.3 Anomalous EMF CO sensor 
Okamoto et al (1980) reported a CO sensor that used an anomalous EMF 
generated on platinum electrodes at temperatures below 450"C. Several previous 
workers had noticed that low concentrations of CO caused an anomalously large 
decrease in the oxygen potential as measured on a platinum electrode (Steele et al 
0 98 1)). Later work using infra-red spectroscopy showed that this effect was due to 
the very strong adsorption of CO on Pt at these temperatures (Okamoto et al (1981) 
and Kudo and Fueki (1990)). 7le rate of oxidation of CO on platinum dispersed on 
zirconia or alumina reinforced this conclusion (Okamato et, al (1981)). Presumably 
the CO excludes oxygen from the electrochemical reaction sites and causes an 
anomalously low 02 potential on the platinum electrode. 
S 
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By coating one of the platinum electrodes on a zirconia disc with a CO 
oxidizing catalyst, Okamoto et al (1980) were able to measure an EMF. This was 
because the uncovered electrode had a very low oxygen activity because of the 
competitive adsorption of CO. The catalyst over the other electrode oxidised all the 
CO and the oxygen activity on that electrode was equivalent to the partial pressure 
of the oxygen in the surrounding atmosphere (with a slight reduction due to that 
consumed by the CO). Note that this mechanism is different to that of a non- 
Nernstian sensor. The other difference is that non-Nernstian sensors generally 
operate above 500"C while- anomalous'emf sensors generally operate below 400*C 
I 
(de Velasco et al (1993)). 
The response of Okamoto et al's sensor was largest at temperatures below 
350"C giving a sensor response of 30mV for 100ppm of CO and was insensitive to 
oxygen concentration. A non-Nernstian sensor in air at 600*C would produce 4.5gV 
for 100ppm CO in air, and the EMF would increase with reduced oxygen 
concentration. 
The EMF of the CO sensor was found to oscillate when the CO 
concentrations were between 10% and 70% of the oxygen concentration. The sensor 
response remained at a fixed level for CO concentrations higher than this, which 
could be an indication that the surface of the platinum was saturated with adsorbed 
CO. 
Hydrogen probably also causes a mixed potential because the CO sensor of 
Okamoto et al was found to have a cross sensitivity with it. The sensor was 
modified by adding a selective H2-oXidation catalyst to remove this cross-sensitivity. 
Fig 1.6 illustrates the final design of the sensor. A very similar sensor was recently 
reported by Li et al (1993). They used a porous layer of CuO and ZnO over one of 
the Pt electrodes as a CO oxidizing catalyst. The other electrode had no over-layer 
of cataly st so their sensor would probably also suffer from cross-sensitivity. 
Gessner et al (1988) noticed a similar effect with NO., and showed that the 
electrochemical activities of NO and N02 caused a mixed potential. de Velasco et 
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al. (1993) reported a hydrogen sensor that made use of the mixed potential on a Sn02 
electrode on zirconia. 
Pt reference electrode 
talyst 
cataly5t 
Fig. 1.6: The anomalous CO sensor of Okamoto et al (Kudo and Fueki (1990)). 
1.4.4 Amperometric multi-gas sensors 
The potential applied to the pump of an amperometric sensor causes removal 
of oxygen from the enclosed chamber of the sensor. Progressive increases of the 
pump potential causes the oxygen partial pressure to be reduced to the point where 
other oxygen containing gases are reduced. The reduction of these gases causes 
additional current to flow compared to the current resulting from free oxygen 
reduction only. By analysing the current-voltage characteristics of the sensor it is 
possible to detect the presence of reducible gases. Dietz (1982) showed that H20 or 
C02 could be determined in this way. Usui et al (1989d & 1991) have achieved 
success in differentiating between free oxygen and H20, using this method, whi-le 
Saji et al (1988) had limited success detecting C02, 
rL wnsing eiecvoue 
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1.5) Theory for designing and optimizing sensors: overvoltages 
The development of two basic sensor types was pursued in this work. The 
first was a lean-bum sensor that could measure the oxygen concentration in the 
exhaust of a fuel-lean combustion system, but which gave negligible output when the 
system was running rich. IPMe second was a multi-gas sensor that used the ability of 
the sensor to reduce oxygen-containing gases. The first sensor required large 
electrode overvoltages for its operation while the second required the overvoltages 
to be as small as possible. The mechanisms by which overvoltages were formed was 
therefore studied. Overvoltages were considered on metal electrodes only and not 
on oxide or mixed conducting electrodes. 
Despite intensive study by many workers over the past 2 decades the 
processes are still not clearly understood. For an oxygen electrode acting as a 
cathode, the oxygen enters the zirconia from the bulk gas via a number of steps. It 
must first diffuse through a boundary layer in the gas to the electrode surface. If the 
electrode is porous the oxygen also has to diffuse through the pores. It must then 
adsorb onto the surface of the electrolyte and/or the metal of the electrode. Any 
oxygen not adsorbed onto the surface at an electrochemical reaction site (ERS) must 
then diffuse along the surface it is on until it reaches such a site. If the oxygen is 
adsorbed as a molecule it must also dissociate into adsorbed atoms at some stage. 
Wang and Nowick (1981) proposed that imperfect adhesion of the platinum to the 
zirconia created a small space between the Pt electrode and the zirconia. They 
suggested that diffusion of adsorbed oxygen in this space could be rate limiting. 
Oxygen may also diffuse through the bulk of the metal electrode. Having finally 
reached an ERS the oxygen atoms can undergo electrochemical reaction and enter 
the electrolyte as oxygen ions. 
To develop a mathematical model of the process the important rate limiting 
steps need to be isolated. At gas-solid electrolyte interfaces, gas phase diffusion of 
oxygen to the electrode has been shown not to be rate limiting. Firstly if it were, the 
exchange current density would be inversely proportional to the oxygen partial 
I 
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pressure which has never been observed (eg. Sakurai et al (1989)). Secondly, 
overvoltages would probably decrease with increased gas flow rate. Most studies 
reported no dependence of overvoltages on flow rate although Etsell and Hengas 
(1971) did report a small (but unspecified) effect. Where flow rate sensitivity has 
been observed it was often associated with temperature or pressure effects (Anthony 
et al (1984)). Thirdly, the diffusion coefficient of gases is around 10-4M2 0 which 
is 5 orders of magnitude greater than that in liquids. The development of a diffusion 
layer in gases like that in liquids is therefore not possible at the current densities that 
I 
can be achieved with solid electrolytes. 
Electron micrographs of metallic electrodes indicate that their structure is so 
open that gas phase diffusion in the pores is also unlikely to be limiting. 
Gur et al (1980) and others have considered dissociation of adsorbed oxygen 
molecules as limiting but there is little experimental evidence for this. Also, recent 
work by Gillan (1993) suggests that bimolecular gases will not adsorb unless they 
II 
strike the metal surface with a particular orientation and simultaneously dissociate. 
This simultaneous adsorption and dissociation may therefore be rate limiting. 
The other possible rate controlling mechanisms cannot be so easily eliminated, 
although diffusion of oxygen through metals such as platinum and gold was 
considered very unlikely (Wang and Nowick (1981)). The theory of electrochemical 
exchange reaction was considered first. 
The Butler Volmer equation 
The Butler-Volmer equation was derived using -considerations of the 
activation energy of the electrochemical exchanges. For a complete derivation see 
Dockris and Reddy (1970). The most general form of. it. is: 
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i= [e ll,, Ilvl/RT_ e -acFq/RT 1 (1.18) 
i is the current density flowing for a give overvoltage (TI) and io is called the 
exchange current density. (x,, and ot, are respectively the anodic and cathodic transfer 
coefficients which are made up of the following components: 
CC a= 
n-Y - rp CCC = -t +I ss 
where y is the number of charge transfer steps before the rate determining step in the 
cathodic direction, and P is the symmetry factor. r is the number of electrons 
transferred in the rate determining step and n is the total number of steps in the 
electrochemical transfer. s is the number of times the rate determining step (RDS) 
is repeated. 
At high overvoltage the Butler Volmer equation simplifies to the Tafel 
equation. 
i= ioe'r-TVRT 
for cathodic conditions and 
i= iocý""""' 
for anodic conditions. At an overvoltage of 50mV at NOT the error in the current 
given by the Tafel equation is about 10% while at lOOmV it is less than 1%. A 
Tafel plot is made by plotting In(i) vs. 11 and the slope of the curve at large 11 is 
aF/RT. I 
van Hassel et al (1991b) found that for gold electrodes the apparent charge 
transfer coefficients (cc. and (x, ) were 2.08 and 0.66 respectively at 769"C in OAMPa 
partial pressure of oxygen. ne coefficients decreased at lower temperatures to 
values closer to 1.5 and 0.5. They also found that cc. increased at lower oxygen 
partial pressures. They partially explained their results with a model that assumed 
competition between charge transfer and surface diffusion of adsorbed oxygen. 
Diffusion is discussed further in section 1.5.4. while charge transfer is considered in 
section 1.5.3. 
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1.5.2 Electrode resistance - exchange current density 
When an electronic conductor such as a metal is in contact with an 
electrolyte, an exchange of electrons and ions continuously takes place. When no net 
current flows through the electrode, the rate of electrochemical exchange is the same 
in both directions. ie. the anodic and cathodic reactions proceed at the same rate. 
The rate of this exchange is called the exchange current density (io). It cannot be 
measured directly because it is a dynamic equilibrium process occurring on a 
molecular scale but can be calculated from the electrode resistance (R. ). R, j is given 
by: dij/dI in the limit as il approaches zero. iO is then given by (eg. Bockris and 
Reddy (1970) p -1007 or Liu and Khandkar (1990)): 
Jo I RT I, RT s (1.20) 
R9, F (a&+Ccc) R91' Fn 
This equation is only valid at low overvoltages. The error in io from eq. 1.20 
compared to the value derived from the full Butler-Volmer equation depends upon 
the values of cc, and ot.. For values of R, j measured using values of Tj between 
+2mV and -2mV it varies between I and 5% for ar and cc. between 0 and 4. For 
±10mV the error is 6 to 26%. 
1.5.3 The three phase boundary 
The three phase boundary (TPB) is the line where the metal of the electrode, 
the electrolyte and the gas phase meet. A number of recent workers have shown that 
with most metal electrodes on zirconia the TPB is where most, if not all, of the 
electrochemical reaction sites are found (Schouler (1983)). All research that has 
studied the result of changing the length of the TPB has found that the current 
carrying capacity of the electrode increases with increased length of the TPB (Brook 
et al (1981)). 
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Some interesting insights have come from attempts to measure the width of 
the TPB. Brook and Markin (1973) used doped indium oxide particles of various 
sizes as electrodes. They estimated the TPB to be about 2pm wide under moderate 
conditions (<IOOmV) but wider under extreme overvoltages (AV). The TPB can 
achieve this width by 2 mechanisms. Either oxygen diffuses through the electrode 
material or electronic carriers in the zirconia allow electrochemical reactions to take 
place a short distance from the electrode. 
Tannenberger and Siegert (1969) noted what Wang and Nowick (1981) have 
called constriction resistance. Using silver electrodes on zirconia discs of different 
thicknesses Tannenberger and Siegert found that a plot of electrolyte resistance 
against electrolyte thickness did not pass through the origin. They found that their 
results predicted that even an infinitely thin elec trolyte would have the resistance 
equivalent to 100 to 2OOgm of electrolyte. van Heuveln et al (1993) found that 
constriction resistance caused a large increase in the measured electrolyte resistance 
when using La. 85&. 15WO3 electrodes on thin zirconia sheets. They found that 
increasing the length of the TPB reduced the constriction resistance and the electrode 
resistance. 
Kleitz et al (1981a) found evidence for the importance of the width of the 
TPB from experiments using gauze electrodes. Electrolyte conductivities measured 
using gauze electrodes were lower than those measured with sputtered electrodes. 
The measured values increased as the oxygen partial pressure was increased. This 
suggested that the increased p-type conductivity at higher pressures allowed electrons 
in the zirconia to move further from the real TPB and create a wider effective TPB. 
Fig. 1.7 illustrates this mechanism. 
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Fig. 1.7: Cross section of an electrode on zirconia in cathodic operation showing the 
TPB and the route taken by oxygen approaching and leaving it. 
Further evidence for the mechanism suggested above is the large increase in 
exchange current densities observed when the surface of the zirconia is deliberately 
given a higher electronic conductivity. van Hassel et al (1992) and van Hassel and 
Burggraaf (1992) did this by inserting iron into the surface of zirconia, with an ion- 
beam implanter and found an increase in ý. Nguyen et al (1986a) increased io by 
partially reducing the zirconia to promote electronic conductivity. Obayashi and 
Okamoto (1981) immersed zirconia into hydrofluoric acid and observed an increase 
in ý which they attributed to fluorine diffusion into the surface. However, it is more 
likely that it dissolved the glassy phase on the zirconia surface. . 
Fig. 1.7 also shows how diffusion of oxygen through the metal can increase 
the TPB thickness. Oxygen diffuses more rapidly through silver than other metals 
used for electrodes (Kontoulis and Steele (1991)) which could explain the high 
exchange current density found with silver electrodes (Wang and Nowick (1981)). 
Diffusion through other metals is probably not fast enough to make a significant 
difference to the TPB. 
I 
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1.5.4 Surface diffusion resistance 
A plateau has been widelY observed in the cathodic current-voltage 
characteristics of platinum electrodes (Brook et al (1971)). It is most apparent at low 
oxygen concentrations. This is strong evidence that diffusion of adsorbed oxygen 
across the surface'of the electrode and/or electrolyte to the TPB can be rate limiting. 
It is not so clear if the adsorption of oxygen onto the electrode or electrolyte surface 
may also be rate limiting; most studies have assumed it is not. However, if neither 
gas phase diffusion nor the adsorption process are limiting, it is difficult to explain 
why the rate of oxygen adsorption directly onto the TPB is not fast enough to 
eliminate the need for surface diffusion. It has also not been clarified if diffusion is 
only important at high overvoltages or at low overvoltages as well. Nguyen et al 
(1986b) showed theoretically that if diffusion on the zirconia, surface were rate 
controlling then io should be proportional to pO2518. If diffusion on the metal surface 
were controlling then io would be proportional to PO 2 
3/8 
. Their results showed a 0.53 
dependence (3/8 Js 0.375 and 5/8 is 0.625). They suggested that diffusion on 
zirconia was controlling because Au and Pt had widely different capacities for 
adsorbing oxygen but behaved similarly as electrodes. Also, the amount of oxygen 
that adsorbs onto the zirconia has been shown to be negligible when compared to 
platinum (eg. see van Hassel et al (1992)). 
Isotope studies by Steele et al. (1986) on zirconia without any electrodes 
showed that the surface exchange rate was 3 orders of magnitude lower than that 
observed in electrochemical work. Adding platinum to the surface doubled the 
surface exchange rate but it was still much lower than typical exchange current 
densities. Park and Blander (1991) tested the weight gain of zirconia exposed to 
H2018. They found surface diffusion rates much higher than those found by Steele 
et al, but still lower than io values would indicate. With B'203 Steele et al found the 
surface exchange rate to correspond to ý. 'Me surface of B'203 is therefore probably 
50 
active in electrochemical exchange (as confirmed by diverse studies) while that of 
zirconia probably plays very little part. 
1.5.5 Affiving at the total steady-state overvoltage 
Numerous models have been proposed using different groupings of the 
possible rate limiting steps discussed above. However, no model has been reported 
that assumes all three of the following steps simultaneously: adsorption followed by 
surface diffusion to a TPB with a width dependent upon %... followed by 
electrochemical reaction at the TPB. 
For details of models that have been reported the reader is referred to Sakurai 
et al (1989), Nakagawa et al (1990,1991 & 1993), van Hassel et al (1991a & b) and 
Robertson and Michaels (1991). 
Overvoltages are affected by many factors including electrode morphology, 
trace surface impurities, electrolyte surface roughness, and previous treatment (high 
temperatures or current densities) to mention a few (see above references). Results 
are therefore difficult to reproduce. Progress with understanding this complex 
phenomenon has therefore been slow and much work remains to be done. 
1.6) Sensor design: leakage mechanisms 
The major problem encountered with making a sensor that behaved ideally 
(i. e. according to eq. 1.13 and 1.17) was the construction of the seal. Therefore, in 
this section the theory behind the different mechanisms by which oxygen could enter 
the sensor were examined. 
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Physical leakage 
Diffusion is caused by the process of molecules constantly mixing due to their 
random motion in the bulk of a fluid. Fick's first law has generally been found to 
describe this accurately. As discussed in section 1.3.2. bulk diffusion dominates in 
a gas if the diameter of the diffusion pore is greater than the mean free path length 
between collisions of the molecules, and Knudsen diffusion dominates when it is less. 
It was also shown in section 1.3.2. that the sensor output shows different absolute 
pressure and temperature dependence characteristics when the different diffusion 
mechanisms dominate. Small unintentional physical leaks could therefore create a 
problem under the following circumstance. Assuming the sensor output was required 
to be independent of absolute pressure, it would be relatively simple to assure that 
the diffusion pore was large enough. However, if there was a leak in the sensor due 
to porous ceramic or small gaps in the seal, then diffusion through that leak would 
probably be of the Knudsen type. This could make the sensor pressure sensitive if 
there were enough of these leaks. If it was important, sensors would have to be 
tested for pressure dependence. 
1.6.2 Electrochemical leakage 
The report by Kaneko et al (1987) is the most detailed study of the 
phenomenon of electrochemical leakage. However, that study only considered small 
oxygen partial pressure differentials (applied voltages up to 40mV). For small gauge 
voltages (Eg) they found that: 
l1k = EW(RL + kIP'02-% + k2P02-%) (1.21) 
where 11k is the current due to electrochemical leakage. 
kjp'Oj' is the ohmic resistance of internal electrode and k2P02-14 is the ohmic 
resistance of the electrode formed by the interface between the metal seal and the 
external electrolyte surface. RL is the effective resistance of the leak circuit 
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(electrons flowing through the metal seal and 02- ions flowing in the opposite 
direction through the electrolyte). 
At gauge voltages higher than those considered by Kaneko et al (40mV) it 
can no longer be assumed that the electrode current-voltage characteristics are linear 
so a more detailed study was thought necessary. 
1.6.3 Semi-permeability 
Electrochemical semi-permeability results from a flux of electrons or holes 
flowing through the electrolyte (caused by electronic conductivity) and a 
compensating flux of ions also flowing through the electrolyte in response to an 
electric field. Scmipermcability puts constraints on the conditions of use of 
electrolytes and has been well studied (Klcitz et al (1981c). In zirconia, n-type 
dominates over p-type conductivity when the oxide is in equilibrium with a gas with 
an oxygen partial pressure below about 10"0 Pa. Fig 1.2 (section 1.2.6) shows more 
clearly how the different conductivities are related. 
Kleitz et al (1981c) and Iwase, et at (1984) studied semi-conduction in 
zirconia. They came to a common conclusion using different methods and found that 
the flux of oxygen due to electronic conductivity was given by: 
/4 0 114 1/4)] J02 = RT/4F2L[(YO(PO21/4 - P"021 C3n(P02 p "0 (1.22) P2 
where L is the thickness of the electrolyte, c; O- is the p-type conductivity at unit P 
oxygen partial pressure and qo, is the n-type conductivity at unit oxygen partial 
pressure. The above was derived theoretically by making some simplifying 
assumptions, but was found to model the experimental results accurately. The 
equation can be simplified if p-type conductivity dominates to: 
J02 = RT/4F2L[ 00 (pO 
1/4 
- p'021/4)] (1.23) P2 
If P"02'C P02 then it can be further simplified to: 
J02 = RT/4F 2Q dpo (P021/4)] (1.24) 
At low oxygen pressures a similar relation was found to hold for oxygen flux 
due to n-type conductivity. It is given below for the case where P'02 -'O'P02* 
53 
J2 = RTAF 2 L[ Crno (P02'1/4)] (1.25) 
The current due to semipermeability was derived from eqn(I. 25) using 
Faraday's law and is: 
Ilk = RTAJI, [ CY. Cý (pO2"14)] (1.26) 
where A. is the area of the electrodes. 
Equation 1.26 is applicable for most situations studied in this work and Fig. 
1.8 shows the predicted leakage current as a function of pumping voltage. The 
electronic conduction was estimated using data from Kleitz et al (1981c): 
an = 9.81 X106 exp(-359000/RT) pOi'14 [f1cm]" 
where the units required for P02 and T are pascals and kelvin respectively. R is 
8.3144. In the example taken, the predicted leakage at 40mV is 10-SA (using 
eqn(I. 22)), and so it is clear why Kaneko et al (1987) found no evidence for 
sernipermeability. 
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Fig. 1.8: Theoretical current curves due to semipermeability leakage and 
diffusion through the diffusion hole as a function of pumping voltage. A sensor with 
a 2511m diameter pore 0.7mm long operated in an oxygen / nitrogen mixture at 
700"C was assumed. 
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Dou et al (1985) have suggested that oxygen migrates on the surface of any 
pores (closed or open) within the ceramic. This effectively increases 
sernipermeability (and changes the pO2 dependence). It becomes more noticeable as 
the thickness of the ceramic decreases. This could partially explain the wide range 
of electronic conductivity results reported in the literature as noted by Kleitz et al 
(1981c). 
1.7) Sensor design: response rates 
For a new zirconia gas sensor to be viable for many commercial applications 
it would need a response time shorter than a few minutes. For a lean-bum control 
sensor in car engine exhausts the response time would need to be less than a second. 
The factors influencing the response time of amperometric: sensors and their gauge 
cells are reviewed below. 
1.7.1 Rate limitation due to dead volume 
(Hetrick et al (1981)) made an estimate of the response time of an 
amperometric sensor by using the basic formula: 
,t= Volume / Flow rate into volume. 
They used the diffusion rate of oxygen into the sensor at steady state as a flow rate 
which is DAppO2/RTf mole/s (from eq. 1.14). Using the ideal gas equation this 
translates to DAVI m3/s. I'lierefore: 
,r= VI/DAp 
where V is the internal volume of the sensor. For a typical sensor using a 50ILM 
thick seal and 5mm diameter electrodes, 25tLm diffusion pore 0.7mm long -T is 8.5 
seconds assuming D= 164mm 2 s*'. Ilis is longer than the observed response times 
which are typically 0.5s (Benammar and Maskell (1991), (Soejima and Mase (1985) 
and Ueno et al (1986)). Saji et al (1984) and Suzuki et al (1986) found even shorter 
55 
response times of 200 and 20ms respectively. - The difference is not surprising since 
these tests were done by changing the external oxygen partial pressure while the 
internal oxygen partial pressure was held at a low and almost constant level. 
1.7.2 Rate limitation due to diffusion 
Another estimate of the response time can be made by calculating the time 
that it takes to establish a new concentration profile through the diffusion pore. The 
theoretical time for a 90% response to a step change in oxygen concentration is 
(Maskell (1987)): 
,r=0.392/D 
where I is the length of the diffusion pore. 
For a 0.7mm long pore at 700'C (where D= 164mm 2 s-1) the result is 0.9ms. 
It is difficult to test for such a rapid response rate but the evidence is that this 
estimate is too fast (Suzuki et al (1986)). One reason is that the oxygen cannot all 
be reduced by the part of the electrode adjacent to the pore entrance. The oxygen 
must diffuse inside the sensor to a part of the electrode that has the capacity to 
reduce it. 
1.7.3 Electrode capacitance 
Many studies have been done on the response rate characteristics of 
electrodes. It is not clear yet how much of the capacitive response observed is due 
to the double layer and how much is due to factors such as the build-up or 
consumption of electro-active species adsorbed on the electrode. Kleitz et al (1981 a) 
reported that between about 500 and 7000C the overvoltage is composed of a fast and 
a slow relaxing part. Robertson and Michaels (1991) also found two components to 
the overvoltage and attributed the fast relaxing component to tile double layer 
capacitance of the electrodes. Fig. 1.9 from Kleitz et al (1981a) summarises typical 
.4 
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relaxation frequencies assigned to the different components of the response of a 
zirconia cell with platinum electrodes. They found that the rapid response of the 
zirconia grains varied only with temperature. The slower response of the grain 
boundaries varied over a narrow band depending upon the zirconia sample. The fast 
component of the electrode overvoltage (labelled as the double layer) only depended 
upon temperature while the slow component showed a strong dependence upon the 
oxygen partial pressure. 
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Fig. IS: Relaxation frequencies due to the different components -of platinum 
electrodes on zirconia (Kleitz et al (1981a)). 
1.7.4 Response delay due to electronic conduction. 
Heyne and den Engelsen (1977) did a theoretical study in which they showed 
that a layer of electronically conducting substance < 1) in an otherwise ionically 
,a 
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conducting electrolyte (h. - 1) would cause a transient error in the Nernst voltage. 
This error can take many hours to diminish because it requires that the oxygen 
activity within the electrolyte reaches steady state. It is possible that grain 
boundaries display enough electronic conduction to cause a noticeable error (Steele 
et al (1981)). 
Although this phenomena may not have an important effect on the pumping 
cell of a sensor it could have significant influence on the gauge cell. 
1.8) Thermodynamics 
The thermodynwnics of gaseous reactions needs to be understood to predict 
the current due to reduction of a gas in an wnperometric sensor. Considering water 
as an example, the reduction reaction on the electrode is: 
H20 + 2e- ---# H2 + 02-. (1.27) 
Fouletier et al (1984) showed that at temperatures between about 700 and 9000C the 
Nernst potential on platinum electrodes provides an accurate indication of the oxygen 
partial pressure in the gas phase which reaches equilibrium at these temperatures. 
The oxygen activity on the electrodes can therefore be calculated by assuming that 
it was in equilibrium with the gas phase. The equilibrium for the gas phase reaction: 
H20 
--. # H2 + 
3402 (1.28) 
is: 
P02 PH2 (1.29) KH20 - 
P% PH20 
where P is the total (ambient) pressure and is included in the equation to ensure that 
the equilibrium constant KH20 is dimensionless. 
KH20 can be determined from the well know thermodynamic relationship: 
KH20 = exp(-AG/RT). 
where AG is the Gibb's free energy of formation of water at temperature T. 
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Another well known equation can be derived from eqn. (1.30) by making the 
following substitutions into the Nernst equation (1.7). 
22 P"02 =K H20 PpH202/pH2 (from eqn (1.29) and pO2 = P. 
If pH20 = pH2 the result is: 
RTAF In(KH20 2 ). 
By substituting eqn(I. 30) into this equation the result is: 
E= -AG/2F 
or: 
nFE = -AG. (1.31) 
where n is the number of electrons transferred. 
The free energy of fon-nation of oxides (MOx) can be determined by 
measuring the oxygen potential created by a mixture of the oxide and its 
corresponding cation in its elemental form. With solid and liquid systems care needs 
to be taken to ensure that minimal oxygen diffuses to the M-MO. mix because an 
insulating oxide layer can form which will change the results (Anthony et al (1984) 
and van Manen et al (1992)). 
It is interesting to compare the redox potentials (derived from eqn(I. 31)) as 
a function of temperature for a number of oxides (Fig. 1.10). The data in Fig. 1.10 
was calculated using Gibbs free energy of formation data from Barin (1989) 
(tabulated in Appendix 6). The data from Barin used the convention that the ambient 
pressure was OJOIMPa. Therefore the potentials shown in Fig. 1.10 are for a cell 
with the species shown at an ambient pressure of 0.10IMPa on one side and an 
oxygen partial pressure of OJOIMPa on the other side. Also the oxidized and 
reduced species must be at equal partial pressures. 
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Fig. 1.10: Oxygen potentials created by various redox couples compared to 02 
at 0.10IMPa as a function of temperature. 
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1.9) Aims and objectives 
The main aim of this work was to investigate sensors for a range of oxygen- 
containing gases. After reviewing the available sensor technology it was decided to 
concentrate on extending the existing design of zirconia pump-gauge sensors. 
Initially experiments were done to determine the current-voltage 
characteristics of electrodes made of platinum, gold and silver. Single YSZ discs 
with no diffusion barrier were used in O. /N2 and CO/CO2/N2 mixtures. This was to 
provide an insight into the behaviour of complete sensors. The next objective was 
to find a method for making these sensors with a gas-tight seal that had the minimum 
electrochemical leakage. 
Unique amperometric sensors with gauge cells and reference electrodes were 
made and tested in O2/N2 mixtures to confirm their satisfactory operation. The 
importance of the overvoltage on the internal pumping electrode was demonstrated 
at this stage. To determine which gases these sensors were capable of detecting tests 
were performed in mixtures containing CO, C02, NO and S02. A method for 
compensating for electrochemical leakage had to be developed in order to optimize 
the interpretation of the results obtained. Based on this work the designs for two 
sensors were proposed; one for a lean-bum sensor and the other for a multi-gas 
sensor. 
Another objective was to assemble instrumentation for testing electrodes and 
sensors within the Energy Technology Centre. A computer controlled 
potentiostat/galvanostat with the ability to continuously perform a range of 
electrochemical tests was built. To enable continuous unattended operation the 
control of the furnace and the gas flow valves was integrated into the system. 
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Chapter 2 
Experimental equipment and methods 
"The years of anxious searching in the dark, with their 
intense longing, their alternations of confidence 
and the final entergence into the light - only 
those who have expetlenced it can understand it" 
Albert Einstein 
2.1) Manufacture of sensors and cells 
2.1.1 Preparation of zirconia discs 
Zirconia discs 7.8 mm in diameter and with thicknesses between 0.25 and 
0.8mm were prepared by 3 methods. 
a) Cutting from large presintered pellets: 
6Y-YSZ (6mole% Y203 or 9.8wt%) and 8Y-YSZ powder from Toya Soda 
was pressed into pellets at a pressure of approximately 30MPa. They were then fired 
by heating at 300'C/hour to 1550"C for 2 hours and then cooled at 300OC/hour. The 
8Y-YSZ had a density of 5790kg/m3.7.8mm cores were drilled from these sintered 
pellets with a hollow diamond drill. The cores were then cut into slices 0.7mm, thick 
with a Capco diamond saw. 
The surfaces of the discs were then ground so that they were almost flat. 
71is was done by gluing them to a special holder, using Lakeside cement, which was 
then mounted in a drill. By carefully controlling the pressure on the drill it was 
possible to grind concentric rings onto the discs with silicon carbide paper. The 
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concentric rings were an important feature which enabled a gas-tight seal to be 
formed between two disc with a metal ring (Maskell (1992)). It was found that the 
quickest way to do the polishing was to start with a coarse paper and finish with fine 
(1000 grit) paper. A very short grind under low pressure was all that was required 
on the coarse paper. Plenty of water was needed, particularly with the coarse paper, 
to prevent the Lakeside cement from softening with the heat from the grinding. 
b) Using ceramic sheet prepared by ICI: 
Zirconia powder was mixed with suitable plastics and dispersing agents and 
rolled into sheets of various thickness by ICL 9.4mm discs were punched out of 
these sheets with a steel punch tool. The green discs were then immediately fired 
or else dried at about 60*C before grinding concentric rings with silicon carbide 
paper. No water was used for the grinding and an extremely light pressure was used. 
The discs (ground or unground) were then fired on a high purity alumina plate. To 
minimize the buckling of the discs, the heating rate up to 400*C was kept to below 
180"C/hour (usually 60"C/hour). 
C) Isostatic pressing. 
Isostatic pressing has the advantage that the stress is distributed more evenly 
through the pellet compared to the linear pressing technique used in method a). 
Therefore higher pressures can be applied which produces pellets that can be fired 
into zirconin with lower porosity and fewer flaws. It was found to be very difficult 
to make a mould from which a well shaped pellet would emerge after pressing. Ile 
method originally used was to put a rubber bung into the end of a short piece of 
flexible rubber hose. A weighed sample of 6Y-YSZ powder was put into the tube 
and another rubber bung forced into the open end. The trapped zirconia was then 
pressed to 14OMPa in an isostatic press. Most samples crumbled when removed 
from the mould. By using softer rubber for the bungs and the tube and using 
1.90MPa pressure, green discs were finally prepared. They were fired at 1550*C for 
2 hours. None of the resulting discs were judged to be of sufficient quality for 
further testing. 
S 
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2.1.2 Sintering the zirconia 
The sintering program chosen for the ceramic is important. If the temperature 
is too low or the time too short the ceramic does not reach full density and the 
conductivity is low. If it is too hot or too long the grains become too large which 
decreases the strength of the ceramic. Grain growth in TZP makes it vulnerable to 
low temperature ageing or can cause spontaneous transformation to the monoclinic 
structure if the critical grain size is exceeded. Ageing in TZP can occur even if the 
ceramic is at the critical temperature for a short period during temperature cycling 
(Wen et al (1988)). 
Most ceramics in this work were sintered at 1550"C for 2 hours and heating 
and cooling rates were between 300 and 600"C/hour. 
2.1.3 Fabricating a hole in the zirconia 
Amperometric sensors required small holes to act as diffusion barriers, the 
production of which presented a considerable challenge. For discs cut from fired 
pellets, laser drilling was the only method considered practical (Maskell and Steele 
(1988)). However, experience showed that the holes were tapered and the diameter 
varied markedly between batches. It was also found to be difficult to achieve a small 
hole size, although in one batch 15gm diameter holes were achieved (Malpas (1992)). 
With the ICI ceramic, there were several options. The easiest method found 
was to drill holes in the green ceramic with micro drills with diameters of 2504m or 
150gm. During firing the holes shrank to 170gm or 100gm respectively. With a 
disc 0.8mm thick these holes would give limiting currents of about 2.5 and 0.9mA 
respectively in air at about 700T. A lower limiting current was often desired, so 
other methods were investigated. 
One technique tried was to place a 40gm platinum wire in the holes drilled 
in the green ceramic. A small drop of zirconia powder and 400 solvent (from ESQ 
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was mixed into a paste which was then placed on the disc so that it flowed down 
into the hole and surrounded the wire. The discs were heated to 100"C twice (to 
increase the flow rate) and more paste was added after each heating. The discs were 
then heated to 90WC to sinter partially the zirconia and then cooled so that the 
platinum wire could be removed. Some zirconia paste came away with the platinum 
wire because it was not sufficiently sintered to resist this damage. A second test was 
done where the discs were heated to 1000"C. Two of the three wires broke on 
attempting to remove them because the zirconia had sintered too much. Therefore, 
a temperature of 950"C would seem reasonable for this process but a third test was 
not performed. 
An attempt was made to use this last method using 7pm carbon fibres but was 
not successful. The delicate fibres would not stay in the drilled hole while the 
zirconia paste was added. 
2.1.4 Preparation of electrodes 
Electrodes were prepared by three methods 
a) painting on a paste or slurry with a pin. ' 
Painting has the advantage that it wastes less material than the other methods used. 
This is especially true when dealing with small numbers of discs. The other 2 
methods are quicker and more accurate once set-up, but set-up time required is much 
larger than for painting. 
For platinum electrodes a commercial flux-less platinum paste (no. 5542 from 
Electro-Science Limited (ESL)) was used. For gold and silver a paste was made by 
mixing about 0.5g of the metallic powder (1.5-3gm and 5-8grn respectively from 
Aldrich) with 400 solvent from ESL. Ilie solvent was added slowly and the mixture 
was continuously stirred (with a small metal rod in a glass bottle) until it had a 
viscosity suitable for painting. It was then mixed more until there was no visible 
sign of inhomogeneity. 
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The pastes were then spread carefully onto the zirconia, surfaces using a very 
light touch with a pin. A pin was found to be much better for this than a brush. It 
allowed more accurate control of where the paste was painted and of how thickly it 
was applied. Care had to be taken to prevent the zirconia abrading the surface of the 
pin and leaving unwanted iron/nickel/chromiurn deposits. Great care was also taken 
to ensure that the paint was applied evenly. With gold it was also important to 
insure that the paint layer was thin because thick layers peeled off due to the 
mismatch in thermal expansion coefficients. 
Sputtering 
Only platinum electrodes were sputtered. A holder was made from aluminium 
to enable up to 76 discs to be sputtered in the Nordiko sputtering machine in the 
Department of Materials at Imperial College. 
C) Screen prindng 
Pure platinum electrodes, using the 5542 paste, and cermet platinum 
electrodes were screen printed. The cermet paste was made by mixing the 5542 
paste with a the 3Y-YSZ powder (Toya, Soda) and the 400 solvent. This mixture was 
blended on a triple roll mill. 
d) Sputtering plus screen printing 
Pure platinum electrodes were prepared by first sputtering as in method b) and 
then screen printing the 5542 paste as in method c). 
2.1.5 The need for reference and gauge electrodes 
In this work a single disc with two or three electrodes on it was called a cell. 
A sensor referred to an amperometric sensor consisting of at least two discs (or cells) 
sealed together with metal or glass and including a diffusion pore (see Fig. 1.4 or 
1.5). 
A reference electrode (RE) is an electrode in the same environment as the 
working electrode (WE) and/or the secondary electrode (SE) (also called counter 
electrode). The difference is that essentially no current flows through the RE and so 
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no overvoltage develops on it. The voltage on it therefore reflects the chemical 
potential of the oxygen in the gas in which it is placed. If the uncompensated 
resistance in the electrolyte can be determined by a technique such as current 
interruption, the overvoltage on the WE can be calculated. If the RE shares the 
gaseous environment of the SE and not the WE, some method is needed for 
determining the chemical potential of the oxygen in the gas around the WE. Ile 
amperometric sensors used in this work had this problem because the internal 
pumping electrode was the WE (because the overvoltage on it was of particular 
interest). Putting a reference electrode inside the sensor on the same electrolyte as 
the pumping electrode would have reduced the area of the later. This was considered 
undesirable. The RE was therefore put on the outside of the sensor next to the 
external pumping electrode. The voltage between the working and reference 
electrodes (Ewp ,) consequently 
included a contribution from the difference in oxygen 
potentials: ie. the Nernst potential. The solution was to put electrodes, that carried 
no current, on the electrolyte with the diffusion hole in it to measure this Nernst 
potential. These were called the gauge electrodes and their addition enabled the 
calculation of the overvoltage on the WE. 
An amperometric sensor with a reference electrode was first reported in 
Copcutt and Maskell (1992) and Fig. 1.4 illustrates a cross section of such a sensor. 
A five electrode pump-gauge sensor with diffusion pore was first reported by Copcutt 
and Maskell (1993) and Fig. 1.5 illustrates its cross section. Fig. 2.1 is a view of the 
outside of a glass-sealed sensor facing the external pumping and reference electrodes 
and illustrating their relative positions. 
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Fig. - 2.1: A glass-sealed pump-gauge sensor showing the positions of the 
external pumping electrode and the reference electrode. 
2.1.6 Assembling an'amperometric' sensor 
a) Metal-sealed sensors: 
The jig used for testing the sensors was built so that the sensors could be 
assembled in it. It was based upon a design previously described (Benammar and 
Maskell (1992b) and is discussed further in section 2.2.1. A metal ring was made 
by first punching a 5mm hole in a 100grn, thick sheet of the same metal as the 
efýctrodes. The metal was then cut with scissors so that a Imm'wide ring was left 
with a 2mrn wide tag for attaching to the connecting wires. This ring was placed 
between the two zirconia discs and the 7.5mm OD alumina tube (see Fig. 2.3) was 
used to press them together by tightening the spring-loaded nut. The furnace was 
then heated while applying a voltage to the pump electrodes and monitoring the 
resultant current as the temperature rose. The current decreased when the mI etal seal 
deformed sufficiently to close the physical leaks. Seals could be formed using silver 
S 
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foil by firing at 750"C for I hour under a pressure of about IOON. Gold seals 
required 1000 to 1030"C for at least 2 hours at IOON; Kaneko et al (1987) used 3 
hours and Malpas (1992) used 16 hours. Platinum seals required even more severe 
conditions with pressures of 250N and temperatures of I 100*C over 5 hours being 
barely sufficient. 
The furnace was then cooled and the sensor removed so that the external edge 
of the metal seal could be covered with glass (see next section). It was found that 
the glass seal was more effective if the edge of the metal was recessed below the 
edge of the ceramic. This made it difficult to position the metal rings in the rig 
ready for assembly. The solution was to glue the ring to the one of the ceramic discs 
with a very small spot of acrylic glue. A minimum quantity of powerful glue was 
used. to minimize the residue it might leave after firing. The two discs were then 
placed in the rig and all the components of the sensor could be easily and accurately 
aligned. 
b) Glass-sealed sen sors: 
A single attempt was made to assemble a sensor by holding two zirconia discs 
together and painting glass paste around the circumference. The sensor made this 
way gave abnormally low currents, possibly because glass diffused onto the 
electrodes, and was not considered useful. 
The last two (and best) sensors tested were made by screen printing and firing 
platinum electrodes with an extra track leading to the edge of the disc (Fig. 2-2). 
Both had cermet platinum electrodes with about 67wt% Pt, but the cermets used were 
not from the same batch. A ring (not circular) of glass paste (LZI/RO12 ground to 
200/325 mesh from Ceramic Developments) was then screen printed onto the 6Y- 
YSZ discs. The discs were then fired at 970"C and the process repeated. The discs 
then had a double layer of glass on the outer 0.5mm of their surfaces. Fig 2.2 
illustrates the surface of a disc at this stage in the process. To assemble a sensor, 
two discs were pressed lightly together and fired to 850T. Pt leads were attached 
to the exposed pads and i final firing at 950'C was performed with no pressure being 
applied. The temperatures were held for 20 minutes in each case. 
/ 
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The first sensor made this way (sensor G I) had a hole tapering down to just 
over. 40gm into which a 40gm platinum wire had been lodged. The second glass- 
sealed sensor (G2) had a laser drilled hole with a mean diameter of 22gm. 
i Glass seal 
Platinun , 
cernet electrode 
Lead 
contact pod 
Fig. 2.2: A YSZ disc with a platinum electrode and deposit of glass ready to 
be sealed to another similar disc. 
2.2) Miscellaneous apparatus 
2.2.1 Mounting the sensor 
The rig for holding the sensors is shown in Fig. 2.3. The 7.5mm. OD alumina 
sealing tube was spring-loaded either to hold the sensor in place or to force the YSZ 
discs together during the process of forming metal seals between the discs. It slid 
inside a 12mm OD alumina tube. A 3mm OD alumina tube was used to feed gas to 
the sensor and the end nearest the sensor was supported by a 50mm length of 5mm 
OD tube. Earlier rigs used Mullite and aluminous porcelain tubes but all tubes in the 
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final rig were alumina to prevent differential expansion froun changing the position 
of the end of the inner-niost tube and to keep the spring pressure constant with 
varying temperature. 
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Fig. 2.3: The rig for mounting, constructing and testing the sensors. 
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Fig. 2.4: Photograph of a sensor in position for mounting in the rig and 
connecting with the platinum wires emerging from the shielded tubes. The lower 
tube is the thermocouple and top tube is a sealed zirconia tube used as a 
potentiometric sensor. 
2.2.2 The silica tube enclosing 
The original idea was to seal the sensor or cell to the end of the 7.5mm OD 
alumina tube so the each side could be exposed to a gas of different composition. 
However, it was found to be very difficult to form a satisfactory hermetical seal 
between the alumina of the tube and the zifconia. A system using a large silica tube 
similar to the system used previously (Kaneko et al (1987)) was therefore built. Fig. 
2.5 shows the apparatus. The silica tube was purchased from Quadrant Glass, and 
the brass holder was machined in the Mechanical Engineering workshop. All the 
guides around the central guide for the sensor-holding rig were tapered inwards so 
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that the electrical lead wires emerged from their shielded tubes as close as possible 
to the sensor. The fibre insulation within the silica tube shown in the photograph 
Fig. 2.5 was necessary because the brass holder had no provision for water cooling. 
It also reduced heat loss from the furnace. Without the insulation within the silica 
tube, the temperature of inside was up to 15'C below that of the furnace heating 
elements. With it in place the thermocouples inside and outside the tube agreed to 
within 5'C. 
The supports for the brass holder were designed to conduct heat away. 
Although provision for a heat shield to be added was made it was found to be 
unnecessary for furnace operating temperatures up to 950'C. 
Fig. 2.5: Photograph of the brass holder which formed a gas-tight seal with the 
silica tube and supported the sensor mounting rig and the electrical leads to the 
sensor. 
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2.2.3 The fumace 
The furnace used was a Carbolite CSTIO/75- It was fitted with two 
thermocouples. The thermocouple fitted by the manufacturer was K type and was 
sealed into the inner surface of the furnace. A second R type (Pt, Ptl3%Rh) 
thermocouple was mounted close to the cell and was used for primary control of the 
heating rate and operating temperature by the computer. A switch was used to 
change between using the factory-supplied controller or the computer as the primary 
means of furnace control. A circuit built for 'furnace control is described in 
Appendix 2. 
The heat capacity of the furnace Was estimated to help set the parameters in 
the. program for its temperature control. It was approximately 700J/K at 500"C. The 
loss of heat to the atmosphere was also measured and found to be 0.5W per Kelvin 
difference in temperature between the furnace and the atmosphere at 500"C. 
The accuracy of both thermocouples was tested against the melting point of 
silver (961.93*C) (Weast (1988)). A piece of silver was attached to platinum wires 
near the R thermocouple. A voltage was applied across the silver strip and the 
current constantly monitored. The furnace was rapidly heated to 930"C and then at 
120"C/hour until the current stopped flowing. Both thermocouples were found to be 
accurate to within 5"C. 
2.2.4 Gas supply 
The gases used were standard purity supplied in high pressure cylinders by 
. 
British -Oxygen. The compositions used were dry air, white, spot (oxygen-free) 
nitrogen, 4% C02 in N2,4% CO in N21 pure COV pure S02 and 0.0 1% NO in N2. 
The gases were fed to flow control valves and then to the furnace in PTFE or 
stainless steel tubing with 1/4" Swagelok fittings. 71iis was to ensure that oxygen 
and water vapour could not diffuse into the supply from the surrounding air. 
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Mass flow control valves type 5850TR from Rosemount Brookes were used 
to control the flow of gas from the cylinders into the apparatus. These valves were 
interfaced to the computer with the circuit shown in Appendix 2. Valves with full 
scale flow 
-rates 
of 5,15,75 and 150ml/minute were used. 
. 
These flow rates were for 
nitrogen at O"C and 101.3kPa. The valves monitored the cooling of a heated wire 
so a correction factor was needed for other gases. The factor was I for all gases 
used except for C02 and S02 for which the readings were multiplied by 0.78 and 
0.73 respectively to arrive at the flow rates. 
0.5gm filters were kept connected up-strewn of the valves at all times to 
prevent microscopic pieces of extraneous material entering the valves and altering 
their calibration. The calibration of the valves was checked with a soap bubble flow 
meter and found to be within the 1.0% accuracy and 0.2% repeatability limits 
claimed by the manufacturer. A potentiometric oxygen sensor was used on a regular 
basis to ensure that the valves were supplying the desired oxygen concentration in 
air/N2 mixtures. 
Warm-up time for the valves was recommended to be 45 minutes and the 
response time to within 2% of the set value was claimed to be 6 seconds. The 
claimed temperature sensitivity was 0.09%/C between 5-65*C, and the leak integrity 
was claimed to be less than 0.06 ml/minute of helium. 
The volume of gas between the flow control valves and the sensor under test 
was kept to a minimum so that the sensor would experience the fastest change in 
concentration possible when the valve setting were changed (Danckwertz (1953)). 
A 3mm OD, 1.6mm ID alumina tube was used to feed the gas to the sensor in the 
furnace. ' It was delicaie so a short piece of 5mm OD alumina'tube was put over the 
end nearest the furnace centre to support it within the 7.5mm, OD alumina tube (Fig. 
2.3). This short spacer tube was also designed to prevent back-diffusion of gas 
flowing away from the sensor. 
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2.2.5 Potentiometric sensors 
a) - Thimble sensor: 
A potentiometric oxygen sensor was used to monitor gas flows into or out of 
the main test rig. It was acquired ready-made and was manufactured by applying Pt 
electrodes to the inside and outside of a zirconia thimble. The thimble was then 
mounted in a holder which enabled gas to be piped to the inner electrode. Contacts 
were made to the electrodes and the completed sensor was mounted in a small 
furnace. The furnace was controlled by a dedicated unit that held the temperature 
at 735"C. This resulted in a Nernst output of 50mV per decade of oxygen partial 
pressure. 
b) Zirconia tube: 
A 300mm long 6mm OD zirconia tube with one end closed was mounted 
within the silica tube. Platinum electrodes were applied to both sides of the closed 
end. The open end was exposed to air so that the oxygen partial pressure inside the 
silica tube could be monitored-This was'useful as a check on the gas flow apparatus 
and as a guide to the oxygen potential achieved by platinum electrodes in CO/CO2 
mixtures (relative to air). The closed end is visible in the photograph of Fig. 2.4. 
2.2.6 ±15 volt power supply 
A power supply capable of supplying 3A at +15V'and 2x IA at -15V was 
built to supply a regulated voltage to the potentiostat/galvanostat, the gas flow control 
valves, and related devices. ' 
The circuit diagram is shown in Appendix 2. 
----- 
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2.3) The computer-controlled apparatus 
2.3.1 Theory of potentiostat/galvanostat 
The basic idea of a potentiostat is illustrated in Figs. IA and 1.5 while Fig. 
2.6 shows more detail of the circuit built for this work. Full details are in Appendix 
- 
Fig. 2.6: The basic potentiostat circuit. 
Very little current was drawn from the reference electrode to ensure that 
there was negligible overvoltage on it and that its potential approached equilibrium 
with the gas in which it was immersed. It was connected to the non-inverting input 
of op-amp I which was chosen for its high input impedance (>1013fl). This op amp 
was connected as a voltage-follower and fed into a second op amp through resistor 
Rl. The ADDA card applied a potential 1ý. to resistor R2 which fed into the same 
input. The other input terminal of op amp 2 was connected to earth. Op amp 2 
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therefore passed whatever current was required through the secondary electrode so 
that the voltage between RE and WE (EwR) was given by: 
EWR -V. t RI / R2. 
Four ratios of RI and R2 could be selected by the computer to provide a wide range 
of possible settings for EWR (98mV full scale to 449OmV. full scale). 
The voltage drop across the span resistor (P., p. ) was proportional to the 
current flowing'through it. Ibis voltage was amplified to a level suitable for the 
ADDA card by op amp 3 which was connected as a differential amplifier. 
The basics of a galvanostat are illustrated in Fig 2.7 while full details are in 
Appendix'2. 
Inrr, ru rn InP 
Fig. 2.7: The basic galvanostat circuit. 
A galvanostat, does not rely on a reference electrode and simply drives a set 
current through the cell. The current was set by the ADDA card which applied 
potential E,, t to one arm of the resistor array connected to the 
differential amplifier 
A mercury relay was added in series with the R,. in both circuits so that 
current interruptions could be performed. Both circuits also had a range of 8 values 
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that could be selected for RP,, so that a wide range of current readings could be 
taken (3.65gA full scale to 1.41A full scale). 
., -, --2.3.2 Auxiliary circuitry 
-, Four voltmeters were included to measure the potentials of the various 
electrodes on the amperometric sensor and the potentiostatic sensor. The primary 
voltmeter, which was usually attached to the reference electrode, had 4 switchable 
ranges that closely matched the ranges that could be set by the potentiostat. It was 
built to have a fast response to accurately amplify the voltage change after current 
interruptions (the op amp had a slew rate of 30V/gs). Two more voltmeters were 
built with full scale readings of 1.2 and 2.2V. All these voltmeters had input 
impedances greater than 10121l , as recommended for accurate measurement of 
electrode voltage on zirconia by Anthony et al (1984). They also recommended a 
resolution of I- lOgV, but only the most sensitive range on the primary voltmeter 
came close to this (12.3gV)., However,, they, and others including, Verkerk et al 
(1983 b), noticed an unexplained offset of up to I mV on some potentiometric sensors 
so such great precision was hard to justify. 
', ,, ýý. 
A fourth voltmeter was permanently connected to read the secondary electrode 
voltage. It was connected directly to the ADDA card and only had a resolution of 
1mv. 
An amplifier was also required to amplify the -signal from the R type 
(Pt/Ptl3%Rh) thermocouple. Circuit details of all the above are in Appendix 2. 
2.3.3 The digital interface 
A digital (on/off) interface was required to switch the relays that controlled 
the furnace and the current and voltage ranges. It was also needed to select the gas 
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flow control valve to which a flow setting wa's being sent. A total of ten digital 
outputs were needed. 
It was decided to use the parallel printer port, supplied as standard with the 
computer, as the digital interface to save on the cost of the ADDA interface card. 
This has the disadvantage that the, computer cannot be used for printing unless a 
second parallel port is fitted. All connections to the parallel port were buffered with 
a resistor and an op amp as added security against voltage spikes damaging the 
control chip on the computer's mother board (Fig. A2.7 in Appendix 2). 
2.3.4 Analogue input signals 
An ADDA conversion card with 14 bit resolution and capable of 10 000 
readings per secondwas connected to the expansion bus of the computer. It was 
found that the ADDA card did not give a totally linear response. The response was 
most linear (within 2mV) when the full scale voltage was adjusted to 9.5V. It was 
therefore decided to build all the rest of the apparatus to use this value. It was also 
found that if one of the inputs to the card was at a voltage greater than about I IV 
it caused the card to misread all inputs. Zener diode limiters were therefore included 
in the electronic circuits so that all inputs to the ADDA card stayed below this value. 
2.3.5 Analogue output signals 
Analogue outputs were required to set the voltage on the potentiostat, the 
current on the galvanostat and the flow settings for the four gas flow control valves. 
Six outputs were therefore needed but only two were available. The interface 
circuitry was therefore designed so that the potentiostat and galvanostat could share 
the output from the second card and the gas valves shared the output from the first 
card. 
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2.3.6 System overview 
Fig 2.8 is an overview of the complete computer interface to all the external 
equipment. The full circuit description is in Appendix 2. An analogue to digital and 
digital to analogue (ADDA) conversion card was used to receive and send all the 
analogue signals. All digital signals were sent by the centronics printer port. Fig. 
2.9 is a photograph of the system. 
Conputer Centron i cs 
A/D D/A interfac printe e port 
YP 
Pot nstiostat 
le, I Relay 
Anp 
Ote ti's t 
"naiOnst 
R 
Furnace 
Fig. 2.8: Over-view of the computer interface system.. 
I 
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Fig. 2.9: Photograph showing the computer with a screen full of results, the 
furnace, and the main power supply with the potentiostat/galvanostat 
unit in the yellow box behind the computer. 
2.3.7 Calibration procedure 
The calibration of the potentiostat and other interface circuits was perfonned 
in conjunction with the calibration and testing of the ADDA card and the controlling 
computer program. 
Most calibrations and tests were performed by connecting accurately known 
resistances in place of the cells or sensors. Single resistors accurate to within 0.1%, 
and resistance boxes were used. The voltages were measured with a number of 
digital voltmeters (some displaying 6 significant figures) and the results compared. 
Each voltage and current range was calibrated and tested at several points within its 
measurement range. After these tests there was a high degree of confidence that all 
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current readings were accurate to within 0.5% or 0.02gA. The primary voltmeter 
was also accurate to within 0.5% or 0.02mV. A. C. interference (mostly 50Hz from 
the mains) was the major source of error. A sampling oscilloscope was used to 
measure it and the results were used to judge the effectiveness of steps taken to 
reduce it. Another important residual source of error was the computer feeding an 
A. C. signal directly into the ADDA card. The oscilloscope was also used to calibrate 
the sampling speed of the ADDA card and to confirm that the current interruption 
procedure was operating correctly. 
2.4) The computer control program 
By far the most critical and complex part of the whole computer-controlled 
apparatus was the software. The program had to handle the details of operating the 
ADDA card, the timing of various operations, the performance of various 
electrochemical experiments, and then the collection and presentation of the results. 
A number of options were investigated before construction of the computer controlled 
potentiostat was begun. 
, The first task was to decide on what computer to use. There were a number 
of BBC's and Apple computers available. It was decided that neither was powerful 
enough to run efficient software for collecting and analyzing the data. Also ADDA 
interface cards for these computers were more difficult to obtain than cards for PC 
compatible computers. To protect the system from obsolescence, a 80386DX based 
IBM PC compatible operating at 20MHz with a colour VGA screen was chosen. 
More options had to be considered before . development could begin. 
a) Commercial or self-built potentiostat. 
There were a few computer-controlled potentiostats available complete with 
software but they had two major problems. The first was a very high cost at about 
LIO 000. The second was that the software and the interface would have been 
difficult to adapt to do all that the present system can do. 
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b) Development software: 
Several software options were available for developing the control program. 
Asyst is a powerful package for writing computer control software, but the price was 
high. There were a few lower budget packages available but they did not have the 
required versatility. 
General purpose programming languages such as C, C++, Pascal, Forth or 
. ýýssembler offered the greatest versatility and were also the least expensive. The 
main, disadvantage was that the effort required to develop the software was much 
greater. 
. 
Partly as an educational exercise, a self-built potentiostat with control 
software written in Turbo Pascal was chosen. 
2.4.1 Furnace temperature control 
This and subsequent subsections of section 2.4 are an outline of the control 
program and how it was used. It was called CONTRL. The details of the code for 
CONTRI, came to almost 4000 lines so they have not been included in this report. 
A more detailed explanation of the program structure is included in Appendix 3 and 
the operating instructions can be found in Appendix 4. 
CONTRI, enabled the user to set the furnace heating rate and the final desired 
temperature. It also displayed a plot of the furnace temperature over the previous 20 
minutes so that possible problems with the furnace could be isolated. The plot 
demonstrated that the program could control the furnace temperature without 
overshoot or oscillation. 
Anthony et al (1984) warn that zirconia tubes may crack if they are cooled 
at more than 150*C/hour. This seems a bit extreme; but care is required. Heating 
and cooling rates were normally set to 600"C/hour although rates of twice this were 
allowed over small temperature spans. 
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2.4.2 . Gas flow control 
i 
During a series of experiments the usual procedure was to set a gas flow rate 
on all the gas flow control valves in use and then to heat the furnace to the highest 
temperature to be used. The gas composition in the apparatus therefore had time to 
come to steady state while the furnace heated up. The high temperature also aided 
the desorption of any gases used in previous experiments. After the readings were 
taken at the highest temperature, the temperature was decreased to the next level 
without changing the gas flow rate. After finishing the readings for a given gas flow 
rate at all temperature levels to be tested, the flow was changed to the next setting 
and the furnace again heated to the highest temperature. 
2.4.3 Cyclic voltammetry 
ý 1, A cyclic voltammograrn (CV) was performed by applying a triangular voltage 
waveform to a -cell and recording the current that flowed. Because of the digitized 
signal the potentiostat had to approximate the triangular waveform with a staircase 
waveform. With 14 bit resolution, the approximation was accurate. An additional 
precaution was taken to ensure accurate simulation of pure CV by paying attention 
to the timing of the current measurements relative to the steps in the voltage. 
Middleton (1990) found that the results were accurate if the current was measured 
after 03ttep where tstep was the time between voltage steps. ' CONTRL measured the 
current just before stepping the voltage. 
A voltammogram was usually started by making the working electrode anodic 
first. This was done to oxidise any reduced species remaining on the electrode from 
previous experiments. CV was often used to perform a quick test on a new cell or 
sensor to see how well it was operating. On the basis of this it was either modified 
or else tested at length while unattended with one of the procedures described below. 
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CV mode was also used to test the response rate of cells and sensors. If the 
current during the return sweep closely followed that measured during the original 
sweep the CV was assumed to be slow! enough to measure equilibrium current- 
voltage characteristics. If the electrolyte resistance was known the overvoltage on 
the working electrode could also be determined from these results. The electrode 
resistances were sometimes measured in this way by only sweeping between about 
+20mV and -20mV. Where possible the electrode resistance was calculated using 
linear regression on the overvoltage results between -2 and +2mV. However, noise 
was often a factor at such low voltages and it was sometimes considered more 
accurate to use values between ±5mV or greater. 
2.4.4 Current interruption 
Interruption of the current flowing through the cell or sensor was simply 
performed by setting the mercury relay to open. The relay had a delay of about 2ms 
so it was not possible for the computer to know the exact time at which it opened. 
The ADDA card was therefore set to read the primary voltmeter at the maximum rate 
after the relay was set to open. It was possible to judge when the relay opened 
because the voltage readings were steady while the relay was closed and changed 
rapidly as soon as the relay opened. 
The operation of this circuit was carefully checked with the oscilloscope. It 
was found that the ADDA card took readings every O. Ims and that the relay 
produced a clean break in the current. 
2.4.5 ' Steady state readings 
In this mode (called SS mode) a fixed voltage or current was set to flow 
through the cell until as, teady reading of the resultant current or voltage respectively 
was obtained. 
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The reading could be monitored on the screen and the test ended by typing 
W. This caused a current interruption and all the relevant results could be saved to 
the hard disk. However, the ability to perform these tests unattended was desired. 
A routine was therefore written which tested the value that needed to come 
to a steady state. When this value did not change by more than 0.1% during a preset 
time scale (typically 30 to 200 seconds), a current interruption was performed, the 
results were recorded and then the new experimental values were set; all 
automatically. Up to 30 consecutive SS tests could be pre-set and performed at a 
given temperature and gas composition. 
Problems were encountered with this method for determining when steady 
state had been reached because of the large range of time-scales required. A number 
of checks were therefore added to provide more control. The ability to set minimum 
and maximum time for each run was added. Difficulty was also caused by 
oscillations which disguised the arrival of steady state. A test was added to the 
program that detected oscillations and ended the run after 5 changes in direction. 
As with CV mode, anodic readings were generally made first to reduce 
oxidized species on the working electrode. A typical sequence would be +50, +20 
and +lOmV to oxidize adsorbed species. This would be followed by +5, +2, +1, -1, 
-2, and -5mV to enable the electrode resistance to be determined. Up to 22 
increasingly cathodic potentials would then be applied to obtain the full current- 
voltage curve. 
2.4.6 Macro mode for continuous operation 
Despite the high degree of automation already described, an even greater level 
was desired. After extensive tests to confirm that all aspects of CONTRL and the 
electronic system performed well, a macro facility was added to it. The macro 
facility enabled any number of tests to be pre-set and run unattended. Any tests that 
CONTRL had been written to perform could be run in any combination. 
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2.4.7 Saving the results 
If the program was set to do so, it wrote the results to a file on the hard disk. 
The file was written as a coma separated values (CSV) rile so that it could be easily 
imported into a spreadsheet program for further processing. The processing of the 
results is described in chapter 3. 
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Chapter 3 
Results of experiments on single electrodes 
Our doubts are traitors and make us lose the good 
we oft might win by fearing to attempt. 
William Shakespeare 
11) InteWreting the current interruption results 
3.1.1 Separating the overvoltages and the IR drop 
The simplest solid electrolyte cell consists of a working (WE) and a 
secondary (SE) or, counter electrode on either side of a layer of electrolyte. Many 
processes occur when a voltage is applied across this cell. The current that flows 
creates an overvoltage (q) on each of the two electrodes and the resistance of the 
electrolyte causes an IR drop or potential difference (E. th 
.) 
across e electrolyte. Some 
method is needed to separate these three main components of the total potential 
difference (Ews). , By adding a reference electrode (RE) it is possible to isolate 
partially the overvoltage on the working electrode (11w). The potential on the RE lies 
somewhere between the potential of the WE and the SE. The potential difference 
between the working and reference electrodes (EWR) therefore includes a portion of 
the total IR drop called the uncompensated IR drop (Eu). Therefore: 
(3.1 a) EWR' = 11W + EuP 
while 
1 'ý - Ews = i1w + E;, + ils (3.1 b) 
where ils -is the overyoltage on the secondary electrode. (Only conditions where 
there was negligible Nernst voltage are considered in this, section). The ratio 
between Eu and E, depends upon the geometry of the cell (Pizzini et al (1974) and 
van Heuveln et al (1993)) but the ratio is difficult to predict (Van Herle and Thampi 
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(1993)). T'herefore, while Eu can be estimated from an indepedent measurement of 
the electrolyte resistance it is more accurate to measure Eu directly by frequency 
response analysis or current-interruption. Both methods require analysis of the 
results to distinguish between the contribution from Eu and the overvoltage on the 
working electrode (t1w). 
As explained in section 1.2.6 the electrolyte and the electrode can be 
approximately modelled by parallel resistor capacitor pairs. When the current 
flowing through such a pair is interrupted the charge stored in the capacitor 
discharges through the resistor. 7be voltage E(t) at time t across this RC network 
is simply: 
E(t) = E(O) exp(-t/RC) (3.2) 
where E(O) is the voltage across the network at time (t) =0 Oe. the time 
when the interruption occurred). If ln[E(t)] is plotted against time the result is a 
straight line with intercept ln[E(O)l and slope of -I/RC. 
Current-interruption is useful for separating i1w and E,, because the potential 
difference across the electrolyte (Eu) decays significantly faster than that across the 
electrode (71W). Bauerle (1969) showed this using frequency response analysis (FRA) 
and subsequent workers have confirrned his conclusions using FRA and current- 
interruption. 
Various voltages EWR(O) were applied to a cell (a 0.7mm thick disc of 6Y- 
YSZ (9.8wt% yttria) with two sputtered and screen printed platinum electrodes and 
a painted reference electrode) for between 2 and 15 minutes before the current was 
interrupted. Fig. 3.1 shows the results for current-interruptions performed at 800*C 
on this cell. All runs were performed with all three electrodes exposed to the same 
gas composed of 0.07C/002 in N2. The sign of the voltages from the cathodic runs 
have been reversed for the log plot. The voltage was sampled every 0.1 ms so it was 
assumed that the first reading where EWR(t) was appreciably below EWR(O) was taken 
0.05ms after the mercury relay actually opened. 
Examining data from the same experiment but over a longer time period in 
Fig. 3.2 shows that in all cases there was a purely exponential relaxation (or decay) 
from times between I to 15ms, as confirmed by the line drawn through the data 
points. More rapid relaxation of EWR was evident at t<0.5ms. A line was drawn 
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through the data points. to help illustrate this. During the the first 0.05ms there was 
a step change in EWR which was more evident on the anodic results where the current 
was greater. Kleitz et al (1981 a) and Robertson and Michaels (199 1) found that there 
was a fast and a slow relaxation process on platinum electrodes under certain 
conditions. Robertson and Michaels proposed that the faster relaxation was due to 
discharge of the double layer and that the slower one was due to the electroactive 
species adsorbed on the electrode. Although this theory has not been conclusively 
proven it was used in this section to explain the three relaxation processes observed 
in Figs 3.1 to 3.4. The fast relaxation (before 0.05ms) was mainly due to F,,,, the 
next (between 0.05 and 0.5ms) due to the double layer and the last (>0.5ms) to 
diffusion of adsorbed species. 
Fig. 3.3 and Fig. 3.4 represent the results for similar experiments to the above 
except that the temperatures were at the lower values of 700 and 600"C respectively. 
By 600*C the electrode relaxation was generally slower than at 800*C as expected, 
but the relaxation rate showed a strong dependence upon the current before 
interruption if the current was anodic. Relaxation rates from cathodic currents were 
more consistent. In Fig. 3.4, after interrupting a current of +0.80mA EwR decreased 
for 2ms and then increased in magnitude. This is characteristic of an inductive effect 
which has been widely observed before. Schouler and Kleitz (1987) suggested that 
it is caused by increased p-type conductivity in the surface layer of the zirconia. van 
Hassel et al (1991b) attributed the effect to a change of the charge of the adsorbed 
oxygen atoms. 
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Fig. 3.1: Change of Ewlt before and after current interruption at time zero. Pt 
electrodes on 6Y-YSZ at 800"C in 0.07%02 in N2. 
1000 
100 
EWR(O) = -50OmV, l(0) = -0.74mA 
1-0 0 
EwR(O) ml COrnV, l(0) - -0.70mA 
FwR(O) +300mV, l(0) 33.5mA 
EWR(O) +50rnV, l(0) 1.78mA 
1 
13 
--""N-I 
0 
10 1-- 111-1 -1 -- I-IIIIIIIIII 
-1 0123456789 10 11 12 13 14 15 
Tune /ms 
Fig. 3.2: As Fig 3.1 but over a longer time scale. 
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EWR as a function of time. Pt electrodes at 700*C in 0.07%02 in N2. 
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Fig. 3.4: EWA as a function of time, Pt electrodes at 600"C in 0.07%02 in N2. 
93 
The observed relaxation rates were compared with literature results. The 
equivalent circuit for a zirconia cell. assumed for the analysis of the current- 
interruption results, Is presented in Fig. 3.5. 
Reference 
electrode 
Rsr2 RSEI R, - _R. 
R. R*1 Ru 
ý-j L-1 H IdIf (dI ISO 19b Idl Idif 
Secondory I Electrolyte Working 
electrode electrode 
Fig. 3.5: Equivalent circuit of cell consisting of a zirconia disc with three 
electrodes. It. is the uncompensated resistance (E. = I(O)k) in parallel with the 
grain boundary capacitance of the zirconia associated with It: Csb. R, is the total 
electrolyte resistance of the cell so R. -k is the part of the electrolyte resistance 
compensated out by the reference electrode. It is also in parallel with a grain 
boundary capacitance. 7be two capacitors ClIb do not have the same value but the 
ill is the potential RC products ue equal: IC- (Rx'Ru)CSbl = RuCsb2 0 I(O)RwE 
difference across the double layer capacitance of the working electrode: Cdl- Cdif is 
the capacitance caused by the surface diffusion of clectroactivc species and RwE2 is 
the resistance associated with this diffusion: I(O)RWE: 2 = 112 and ill + 112 = 11w. RSEI 
and RSE2 have corresponding meanings for the secondary electrode. 
The voltage across RC pairs connected in series is the sum of the voltages 
across each pair. Tbcrcforc, the Voltage EWR at any time (t) after current-interruption 
follows the rclation: 
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EWJL(t) = EW§t(O) 
ýR 
tt t+ 
! 
ýLE-2 OX 
Rw=C&f 
(3.3) i'ýex K`C. 
)+ý 
wilica k 
RT is the total resistance between the reference and working electrodes 
(RT = R. + RWEI + RWE il, /I(O) and RWF : 2) where RWEI 2= 112/1(0) are the two 
components of the total overvoltage i1w. The voltage across the RC pairs associated 
with the SE can be ignored when considering EWR' 
Fig. 3.6 shows how eqn(3.3) was able to model the experimental results. The 
six unknown R and C values were determined by testing different values until the 
total of the absolute errors of the predicted voltages was minimized. The following 
was used to convert the RC values to relaxation frequencies for comparison with the 
literature data. 
I/RC = 2n x relaxation frequency. (3.4) 
The relaxation frequencies used of 31 600,500 and 5Hz at 700"C and 10 000,126 
and 1.3Hz at 600"C agreed with the data from Kleitz et al (1981a) (their diagram 
was reproduced in Fig. 1.9). 
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700*C, Tj = 66mV, TI, = 46mV, 712 = 20mV, EWR(O) =+300mV, 
1(0) = 23mA., Frequencies = 5,500, and 31 60OHz. 
600'C, T) = 22.5mV, ij, = 17.6mV, Th 4.9mV, EWR(O) =+50mV, ) 1(0) = 0.5mA, Frequencies = 1.3,126, and 10 OOOHz. 
456-789 10 
Time Ims 
Fig. ýA: EWR as a function of time. -, theoretical curves using eqn(3.3) 
and ovcrvoltages and relaxation frequencies shown on figure. 1(0) is the current 
flowing immediately before current-interruption. 
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Finding 6 unknown values using the above method was time consuming. If 
the available apparatus had been able to read the voltages faster than every 0.1 ms a 
method based on the above simulation would have produced accurate estimates of 
the oyervoltages. However, considering the speed limitations of the equipment 
available. a simpler and quicker method for estimating overvoltages was justified. 
Using the above simulation and experimental results over a range of temperatures, 
the time after the interruption at which EWR(t) = qW was calculated. All 
subsequent overvoltage results in this work were derived by assuming that EWR was 
equal to 71w at the time shown in Table 3.1. 
Table 3.1. 
Estimates of the time at which EWR(t) = 11W 
for various commonly used temperatures on Pt electrodes on YSZ. 
Temperature /*C >700 600 550 500 450 400 350 
Time /ms 0.025 0.1 0.2 0.3 0.9 2 5 
The response rates of electrodes made from gold and silver were probably 
different to those for platinum. However, there was insufficient data from 
experiments or the' literature to estiýnate these response rates so Table 3.1 was still 
used to derive the relative contributions of i1w and Eý to the EWR(t) readings. Since 
the relaxation of the slowest process in the electrolyte was about 2 orders of 
magnitude faster than the fastest on the electrode (Pt) the error in the above method 
probably never exceeded 5% of EWR(O) at temperatures below 6501C. 
If the potential between the SE and the WE (Ews) was monitored instead of 
EWR then'the above procedure separated the sum of the two overvoltages and the 
total potential I difference across the electrolyte (E. ). The conductivity of the 
electrolyte could then be detemined from: 
ai = 1(0) L/E, Ae (3.5) 
where L is the electrolyte thickness and Ac is the electrode area. 
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3.1.2 Lead wire resistance 
Because of the design of the circuit. the measured uncompensated resistance 
included the resistance of the lead connecting the working electrode to the zero 
voltage reference point. Most of this resistance came from the platinum wire running 
to the middle of the furnace. This lead resistance therefore depended upon the 
furnace temperature. To measure it, all the lead wires were shorted together where 
the sensor would normally be located. The furnace was then set to various 
temperatures before using the potentiostat to apply small voltages across the working 
electrode lead and to measure the resultant current. 
The result was: 
Rlead 2'- 1.50 + 0.0025T Ll (± 0.05 fl) 
T is the furnace temperature ["C]. The result represents a thermal coefficient of 
0.00167 which is lower than the coefficient for platinum of 0.00393 (Weast (1988)) 
because almost half the wire was at room temperature and only a short length was 
close to the measured temperature. 
3.2) Conductivity f the zirco'nia discs 
i1w was determined as explained above and Eu was determined using 
eqn(3.1a): Eu EWR - qW. Alternatively if no RE was used then: 
E,., = Ews - i1w ils'., The sum i1w + ils was determined in the same way as 11w. 
Three factors limited the accuracy of the conductivity results. 
a) Sampling speed 
The limited speed of the ADDA card meant that the contributions of E,, and 
llw-to'EWR could not be accurately distinguished. 
b) Uneven current distribution 
It was shown by Pizzini et al (1974) that if the electrodes did not cover the 
whole area of the disc then the conductivity results (based on electrode area) would 
be high. This is because the equipotential planes are not parallel to the electrodes 
when the electrodes only cove r part of the disc. 
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c) Constriction resistance ,I 
Because of the limited width of the three phase boundary, the current flowing 
through the zirconia near the electrodes is concentrated towards the TPB. This 
uneven distribution of current increases the measured resistance. 
Factors b) and c) had counteracting affects on the results but constriction 
resistance was probably dominant particularly with gold electrodes with their short 
TPB. Above 700"C the slow sampling probably caused most experimental error. 
The overall affect of the above was that electrolyte conductivity results tended to be 
too low. 
Because EWR'ý i1w + Eu and i1w was usually much larger than Eu any errors 
in measuring EWR and separating the two components of it were magnified in the E. 
determination. Therefore, only measurements where i1w was relatively low were 
used to determine electrolyte conductivity. 
The difficulties just described were not a problem in most of this work 
because the values of i1w and EWR were usually of greater interest than Eu. 
3.2.1 Relative size of uncompensated resistance 
The primary voltmeter of the potentiostat could be attached to the reference 
or the secondary electrode to measure EwR(t) or EWS(t) respectively. The former was 
the usual arrangement since the overvoltage on the working electrode was the value 
of most interest. However, the latter was also used and. a test was performed to 
compare the results. 
The experiment was done on a 0.7mm thick 6Y-YSZ disc with sputtered and 
screen printed platinum electrodes 5. Omm in diameter and a small painted reference 
electrode next to one of the 5. Omm electrodes. By measuring Ews(t) at 600"C in air 
k was found to be 18M (0.195fl-lm-1). The voltmeter was then moved from the SE 
to the RE which was on the same side of the disc as the WE. EwR(t) was measured 
and the uncompensated IR drop (Eu) was determined. The uncompensated resistance 
(R. ) of the electrolyte for this cell arrangement is given by R" = Eu / 1(0) and was 
found to be 1330. The lead connections were then changed by swopping the 
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electrodes connected to the WE and SE of the potentiostat. The WE was then on the 
opposite side of the disc to the RE. R. for this cell arrangement was found to be 
530. The sum of the two Ru readings was 186Q which was very close to the first 
measurement of R,, considering the estimated experimental uncertainty of U1 for each 
reading. 
The result showing R. to be 28% of R. when the WE and RE were on 
opposite sides of the disc and 72% when they were close together on the same side 
is interesting. It shows that the common assumption of Ru being 0.511, (eg. Ong et 
al (1981)) is not necessarily correct. Recent work by van Heuveln et al (1993) and 
Van Herle and Thampi (1993) have shown that the relative size and position of the 
SE and WE are important in determining the ratio between Ru and R,,. 
3.2.2 Low current results 
Fig 3.7 shows the conductivity results for 3 zirconia discs measured without 
a reference electrode. The 3Y-YSZ (5. Owt9o' yttria) was obtained from ICI in the 
green state as plasticized sheet. The first 3Y-YSZ disc was sintered before painting 
on a calcined (coarse) 3Y-YSZ paste and re-resintering. This was done to roughen 
the surface and improve the poor adherence of the gold electrodes. The second 3Y- 
YSZ disc had the 3Y-YSZ paste painted on in the green state before co-sintering. 
Gold electrodes were then painted on the roughened surfaces in both cases. The 6Y- 
YSZ disc had platinum electrodes prepared by the usual method of sputtering 
followed by screen printing. The best fit to the data was found by linear regression 
and compared, in Fig. 3.8, with reported values. 
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Fig. 3.7: Experimental results for the conductivity of three zirconia samples. Cl, 
6Y-YSZ; o, pre-sintered 3Y-YSZ disc; v, co-sintered 3Y-YSZ disc. 
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The wide variation in conductivity results from the literature has already been 
discussed in chapter 1. The experimental results in this work are lower than the 
literature results particularly the 3Y-YSZ results; except compared to the results from 
Moure et al. Badwal (1990) tested the conductivity of 3Y-YSZ from the same source 
(ICI) and after sintering at < 1400*C found the conductivity at 350"C to be 
LWO-4(0m)". Extrapolating the experimental results from this work produced the 
same result. Badwal found that after reheating to 1500'C and quenching in air the 
conductivity increased to 8.3x 10-3(nM)-l. Ibis clearly illustrates the importance of 
rapid cooling after sintering for some TZPs. El Barhmý et al (1988b) also found that 
rapid cooling after sintering improved the conductivity and that samples quenched 
to below 400*C were better than those quenched to 500*C. However, they found that 
the advantages of this harsh quenching to low temperatures were largely lost if the 
zirconia was heated above 760*C. 
Moure et al (1985) used 2 types of gold electrode and their electrolyte 
conduct ivity results depended on the type of electrode used. Their results, used in 
Fig. 3.8, were obtained with sputtered gold electrodes, but they found that adding a 
thin gold foil gave them even lower conductivity results. This suggests that their 
results for the electrolyte included a contribution from the electrodes (the example 
complex impedance diagram they gave did not show a semicircle due to the gold 
electrode). Also the small TPB on the gold electrodes (particularly the foil) may 
have caused a large constriction resistance. Finally, they sintered their ceramic at the 
relatively high temperature of 1700"C. 
While only 3 series of tests were performed where the voltage Ews(t) was 
monitored after current-interruption (no RE used), many series were performed where 
EWRW was measured. Fig. 3.9 shows some of the results based on the assumption 
that R,. = 0.28R,,. Although it cannot be certain that the factor of 0.28 was 
appropriate for the cells concerned, the results were generally higher than those 
reported in Fig. 3.7.7bey also showed less deviation from a straight line. 
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Fig. 3.9: Conductivity of YSZ determined by measuring EWR and assuming k 
0.28R,. 13,8Y-YSZ 0.7mm thick; +, ICI 8Y-YSZ 0.35mm thick; x, ICI 3Y-YSZ 
0.8mm thick; V, 6Y-YSZ 0.7mm thick. 
3.2.3 High current results 
The theory already outlined explains how a large voltage applied to a zirconia 
cell induces p-type electronic conductivity at the anode and the n-type equivalent at 
the cathode. The total conductivity therefore increases. Le vY et al (1988) found that 
large enough voltages caused the zirconia to display the conductivity characteristics 
of a metal. 
Experiments were performed to observe the relationship between the 
conductivity and the voltage Ews applied to a zirconia cell. Fig. 3.10 shows results 
where the conductivity of a 0.8mm thick ICI 3Y-YSZ disc with gold electrodes was 
measured (without an RE) by current-interruption. There is no evidence of a clear 
transition between ionic and mixed conductivity as might be expected. The scatter 
in the results indicates that the accuracy was low so it is possible that the 
7500(l o; nnot- I cnnor, AnnOf4 ol rf%nr4 
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experimental error masked this transition. However, it is believed that the width of 
the TPB increased and caused a gradual reduction in the constriction resistance with 
increased voltage. The increased total conductivity due to the electronic contribution 
is clearly evident at the highest voltages. 
Fig 3.11 shows the results obtained using cyclic voltarnmetry (CV) on a 6Y- 
YSZ disc with platinum electrodes (an RE was used). At low anodic voltages the 
current was greater when the voltage was increasing than during the return scan. 
However, at higher voltages the opposite occurred; ie. the cell changed from 
capacitive behaviour to inductive behaviour. This change was often observed (see 
also Schouler and Kleitz (1987)) and seemed to correspond with the onset of 
significant electronic conductivity but this correlation was not accurately checked. 
The solid line in Fig. 3.11 represents a resistance of MI which was the 
uncompensated resistance (Ru) found for this cell at 700"C using current-interruption 
at low voltages (<IOOmV). At high anodic voltages the current flowing was greater 
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Fig. 3.10: Conductivity of 3Y-YSZ at high applied voltages. Measured in air 
using 5. Omm diameter electrodes on disc 0.8mrn thick. E3,600"C; V, 500*C. 
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than that possible through a MI resistance so it was assumed that the electrolyte 
resistance decreased and that the anodic overvoltage asymptotically approached a 
maximum value. An asymptotic approach to a maximum il, value was observed 
using cuffent-interruption but currents no greater than lOmA were used. Fig. 3.12 
shows the electrolyte conductivity calculated assuming the maximum values of TI. to 
be 65mV at 800*C and 130mV at 700"C. These values were determined by first 
assuming Ru to be 150 and finding the maximum il, predicted by this assumption. 
The values found were 63 and 117mV respectively. Similar results were obtained 
at 600*C but are not shown. These CV results are also discussed in section 3.4. 
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Fig. 3.11: CV scan at 2mV/s (of EWR) on 5. Omm diameter working electrode on 
6Y-YSZ disc 0.7mm, thick at 700*C in 0.8%02 in N2- 
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scans. [3,70011C; +, 8000C. 
A single experiment was done where current was passed through a zirconia 
disc held within the silica tubý and a nitrogen/air mixture of constant composition 
was fed into this enclosed space. Both platinum electrodes were in the same 
atmosphere surrounding the disc. The oxygen concentration of the gas flowing out 
of the silica tube was monitored with a potentiometric sensor (the thimble sensor). 
The results illustrated by Fig. 3.13 show how the oxygen concentration of the exiting 
gas increased as the current flowing through the zirconia disc increased. This clearly 
illustrates that the YSZ disc was being reduced. The measured oxygen concentration 
returned to its original value whcn'the current flow through the disc was stopped. 
The corresponding applied voltages (Ews) (due mainly to the cathodic overpotential) 
are also shown in Fig 3.13 and it can be seen that they are at a level where n type 
electronic conduction would be expected. 
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Fig. 3.13: Percentage oxygen leaving enclosed volume in which zirconia cell was 
operated at 700T. %02 and applied voltage (Ew, ) plotted against current. 
The solid line in the graph represents 8 electrons for every molecule of excess 
oxygen in the exiting stream (4, are expected). The agreement is remarkably good 
but, without further experimental work, it is not possible to say if this was a 
coincidence. Ile detailed calculations used, to, produce Fig. 3.13 are presented in 
Appendix 5.1. 
The experiment was performed to measure conductivity and not the reduction 
of zirconia so the length of time each current setting was held was not accurately 
recorded but was between I and 4 minutes. This was not long enough to bring the 
exiting oxygen concentration, to steady state. The time constant (I) for a system 
where fluid flows into a vessel of fixed volume is: volume/flow rate. The gas 
volume inside the silica tube was 200ml and the flow rate was 2.5ml/s which means 
the time constant was 80s and the fractional response to a step change in oxygen 
reduction rate would be: exp(-tlr) where t is the time since the step change. If each 
current setting had been held for about 60s the increase in exiting oxygen 
concentration would have been half the steady state value which in turn would have 
corresponded to 4 electrons per mole of oxygen reduced. 
106 
3.3) Electrode conductances 
Electrode conductance (c;, ) is related to the kinetics of the electrochemical 
reaction and reflects the electrode activity: it is defined by: 
CTe Un dl/dil 
L-4.0 
(3.7) 
Where possible, electrode resistances or conductances were calculated using 
results where the overvoltages were less than lOmV. In this section only electrode 
resistances and not exchange current densities (ý) were calculated. This was because 
could not be determined until the values of the transfer coefficients (cc, and Cý) 
were known (eqn(I. 20)) and as shown in section 3.4 these varied over a wide range 
and no rixed values could be assumed for them. 
3.3.1 Stability of electrodes 
The electrode resistance (measured at low overvoltages) has been widely used go 
as an indication of the quality or activity of an electrode. However, results are 
notoriously difficult to repeat. The resistance of two electrodes prepared by the same 
method using identical batches of chemicals and fired under identical conditions can 
be a factor of 2 different. It is therefore best to do a series of tests on a single 
electrode and to compare the trends. 
Even using a single electrode, experimental results can be misleading because 
1 1, ,- of aging and attention must be given to this. Verkerk-et al (1983) found that 
platinum electrodes were stable if they were used at least 150 to 200'T below the 
temperature at which they were sintered. Platinum and' gold electrodes were 
generally initially fired at 1000 - 1025T, in this work, and used at or below 800T. 
In section 4.2.7 it is shown that the activity of platinum electrodes changed very little 
with over 4 weeks of use at temperatures up to 750T. 
A gold electrode was found to have a resistance of 1670 at NOT in air and 
after nearly 20 hours at 800*C and about 60 hours at lower temperatures (500 to 
700T) its resistance was 2120. After heating to 1021 *C for 5 minutes its resistance 
roiý to 5041 at 800"C in air. However, this electrode gave different results when 
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tested twice under the same conditions. Its resistance was measured at 700'C in 
0.07%, 02 before being cooled to room temperature and then reheated to 700'C: 
results of 14 and 19kil respectively were obtained. This suggests either an error of 
up to 50% in the measurements or a high degree of sensitivity of the electrode to its 
history and test conditions. Despite thi s difficulty in measuring electrode 
conductances, the conclusion from these and other results was that temperatures 
above 800*C caused significant degradation of gold electrodes within 24 hours. 
Silver melts at 961.9"C and firing at 900*C was shown to produce electrodes 
with lower activity than electrodes fired at lower temperatures. Silver electrodes 
fired at 850"C for 3 hours were tested before and after being held at 750 and 725"C 
for 5 hours each. The resistance in air at 700T increased from 47 to 860 indicating 
clearly that, 750"C was too hot for these electrodes. Similar electrodes were used at 
700*C for over 1_3 hours and at lower temperatures for 3 days. The resistance in air 
increased from 52 to 650 at 600"C and 270 to 3500 at 500T. Silver was found to 
adhere extremely well to zirconia even when fired at 500'C so it would be worth 
investigating in more detail for applications involving temperatures not exceeding 
about 650T. 
3.3.2 , Platinum electrodes 
A range of tests were performed on sputtered and screen printed platinum 
electrodes. It was' found that the conductance at temperatures near 650'C in gases 
with a low CO/CO2 ratio was an order of magnitude lower after the WE was held 
at cathodic voltages compared to the value after being held at anodic voltages. This 
suggests blocking of the 3-phase boundary by reduced species (CO or Q. All results 
discussed in ihis section refer to measurements made by starting with the most anodic 
potential and then stepping to more cathodic values. 
Initial tests in various COXOýN2 mixtures reported by Copcutt and Maskell 
(1992) showed a marked change in electrode conductance at around 700*C. Ile 
results on a'second electrode (Fig. 3.14) show a similar trend in some CO: CO2 ratios 
but not when the ratio was 1: 100 (x). The lines drawn on Figs. 3.14 to 3.21 are to 
guide the e'e only. Fig. 115 is a presentation of the results obtained in similar y 
I 
108 
CO/CO2/N2 mixtures using a third similar electrode. 7le most obvious trend is that 
the electrode conductance (q. ) is much greater. and more temperature dependent in 
O2/N2 mixtures where the 02 concentration is relatively high (4.3%). Fig. 3.16 
presents the results using a 4th platinum electrode. Only relatively high CO 
concentrations were used and no transition near 700*C was evident. One clear 
feature in Fig. 3.15 and 3.16 is that the conductance is much more temperature 
dependent in O2/N2 mixtures than in CO/C02 mixtures. 
The conductance of Pt electrodes on YSZ in 02/N2 mixtures has been widely 
studied. Two important trends have been noticed. Firstly the conductance as a 
function of P02 reaches a maximum. The maximum conductance value decreases 
with decreased temperature and the P02 where this maximum occurs decreases with 
decreased temperature. (Mizusaki et al (1987a & b) and Verkerk et al (1983a & b)). 
Secondly at pO2 values significantly less than the maximum just mentioned the 
conductance is proportional to pO2" (Schindler et al (1989)). Kuzin and Komarov 
(1990) showed that this relationship continues down to very low pO2 values. 
I 
Electrode conductance on single cells (ie. without a diffusion baff ier) was not 
extensively tested in this work but the few results obtained did not conflict with the 
reported trends. Fig. 5 of Copcutt and Maskell (1992) shows a line representing the 
pO2' proportionality. 
Fig. 3.17 presents the conductance results of the second electrode plotted 
against the oxygen partial pressure. Fig. 5 in Copcutt and Maskell (1992) presents 
the results using the first electrod; tested. As the CO: CO2 ratio became increasingly 
CO rich the electrode conductance decreased, particularly at the lower temperatures. 
The electrode conductance reached a minimum and then increased as the CO 
concentration increased. The CO: CO2 ratio where this minimum in cr, occurred 
became increasily CO rich as the temperature decreased. Mizusaki et al (1990 & 
1992) did very similar studies and reported a similar effect in the later paper. In the 
earlier paper they only reported an increase in (;, as the CO concentration increased. 
This could be because they did not go to low enough CO concentrations at the 
relatively high temperatures used. 
Drawing conclusions from this work was difficult because the reproducibility 
of the conductance measurements in CO/COA mixtures was poor. This may have 
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been caused by a very slow (many hours) drift in electrode potential that was 
sometimes observed. For instance the voltage of the Nernst sensor connected to the 
gas outflow sometimes changed slowly over a period of many hours. Also the 
potential of the reference electrode drifted slowly relative to the other two electrodes 
(in the same atmosphere) and sometimes a difference of over a hundred mV would 
be maintained even though no current had been passed through any of the three 
electrodes for several hours. Passing a current through the reference electrode also 
did not help. It is therefore likely that there was a slow adsorption/desorption 
process occuff ing that sometimes masked the other more rapid electrochemical 
processes on the electrodes. Yentekakis et al (1988) suggested that the formation of 
PtO. might cause similar effects. 
Most measurements reported in this section were performed galvanostatically. 
The computer program was designed to maintain each setting until the value being 
monitored (EWR in this case) did not change by more than 0.1% during the selected 
time period. A minimum time was also set and testing for, steady state was not 
started until this minimum time had elapsed. Both time periods were varied for the 
tests on each cell. The result was that the average time for which each current 
setting was maintained varied. On the first electrode the average time was about 8 
minutes. on the second about 15 minutes, 20 on the 3rd and 10 on the 4th. 
It was concluded that CO is electrochemically active on the platinum 
electrodes for the following reasons. Firstly Kuzin and Komarov (1990) showed that 
cr, in O2/N2 mixtures is very low at the P02 values comparable to those where CO 
is included in the mixture. Secondly tests in this work showed that (T, is as low in 
O2/CO2 mixtures as it is in O2/N2 mixtures. Finally cy,, increased as pCO increased 
once pCO was above the level where the minimum in cy, was observed. Mizusaki 
et al (1992) came to more detailed conclusions: essentially, CO adsorbed on the Pt 
surface reacts at the three phase boundary with 0 atoms adsorbed on the YSZ surface 
to form C02 on the Pt surface. 
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Fig. 3.14: Conductance of second platinum electrode in CO/CO2 mixtures 
(balance N2) as a function of temperature. [3,3.88% CO, 3.03% C02; x, 0.135% 
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Fig. 3.15: Conductance of third platinum electrode in COIC02/N2 mixtures as a 
function of temperature. 13,3.88% CO, 3.03% C02; V, 3.66% CO, 8.63% C02; +, 
3.03% CO, 23.8% C02; X, 3.03% CO, 23.8% C02; and *, was 4.3% 02 in N2. 
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Fig. 3.16: Conductance of fourth platinum electrode in CO/CO2 mixtures 
(balance NO as a function of temperature. +, 3.77% CO, 5.88% C02; X, 3.46% CO, 
13.5% C02; 1: 3,3.05% CO, 23.8% C02-1 A. 0.97% CO, 75.7% C02; and *, was air. 
-1 , 
c! 
,a 
C 
0 
Z 
to 3 
-3.., 
41. IIIIIIIIIIIIIIIIIIIIII-i 
-30 -25 -20 -15 -10 -5 
Log oxygen partial pressure /log(pa) 
Fig. 3.17: Conductance of second platinum electrode in CO/CO2 mixtures as a 
function of oxygen partial pressure. The temperatures were: 13,750*C; V, 700'C; 
650'C; +, 600"C and x, 4500C. 
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The major increase in electrode conductance sometimes observed in CO/C02 
mixtures when the temperature decreased from 750*C to 650*C implicates 
disproportionation of CO. There is a corresponding change in the thermodynamic 
stability of CO at 700*C (see Fig. 1.10). It was suspected that the following process 
was important below 700*C: COd, +==t Cd,, + 0, &, Oad, + 2e'+--=: t 02-, then either 
Ca& + 202-,, ----=t C02 + 4e or Cd, + 02(s) C02(, ). The work of Yentekakis and 
Vayenas (1988) supports this conclusion as do the results in section 5.2. 
3.3.3 Silver electrodes 
The following results were taken from the low overvoltage measurements 
made using the internal pumping electrode of an amperometric sensor assembled with 
silver electrodes. 
-Fig. 
3.18 shows the'electrode conductance as a function of 
temperature and Fig. 3.19 represents the same results as a function of oxygen partial 
pressure. 
In 02/N2 mixtures the conductance generally decreased with decreasing pO2 
and temperature. In CO/CO)N2 mixtures the conductance reached a minimum when 
the CO: CO2 ratio was 1: 10 to 1: 100. As the CO concentration increased there was 
an increased trend for the conductance to decrease with increasing temperature at 
around 700T. 
Since the trends were similar to the trends shown by the platinum electrodes 
it was concluded that the mechanisms were the similar. The differences in behaviour 
could be accounted for by the differences in adsorption of the relavent gases on the 
two metals. 
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Fig. 3.18: Conductance -of silver electrode in CO/CO, /N2 and 02/N2 mixtures as 
a function of temperature. ' 13,, 3.88%CO 3.06%CO2 balance N2; V, 3.05%CO 
23.8%CO2; X, 0.65%CO 83.7%CO2; +, 0.076%CO; 98.1%CO2; 0.207%02; +9 
2%02; 20.9%02; +, 100%02. 
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Fig. 3.19: Conductance of Ag electrode as a function of oxygen partial pressure. 
The temperatures were: [3,800*C; X, 700OC; V, 600"C; +, 500"C; and *, 400'C. 
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3.3.4 Gold electrodes 
The only gold electrode extensively tested was the internal electrode of an 
amperometric sensor. Electrode activity was relatively low so it was possible to 
calculate current vs. overvoltage characteristics up to several hundred mV before the 
gauge cell voltage became significant even at 800"C. 
As with the previous electrodes it can be seen from Figs 3.20 and 3.21 that 
the conductance was more temperature-dependent in 02/N2 mixtures than in CO/CO2 
mixtures. In some CO/CO2 mixtures there was a small increase in q. as the 
temperature decreased from 700 to 600*C, but the transition was not as large as it 
was with platinum. 
Fig. 3.22 shows a very clear trend of reduced conductance with reduced 
oxygen partial pressure and then increased conductance with increased CO 
concentration. This suggested that CO was electrochemically active on gold 
electrodes a's was concluded with silver and platinum plectrodes. A minimum in C1. 
may have been observed if low enough CO concentrations had been tested. 
In previous figures (3.14 to 3.21) the lines were drawn to guide the eye but 
in Fig. 3.22 the line represented q. '* The observed results 
. 
proportional to p02 * 
followed this relation at low temperatures and low P02* van Hassel et al (1991) also 
observed this trend in cy. with gold electrodes and it was the same behaviour as that 
observed on platinum at low pO2 as discussed in section 3.3.2. Therefore, it was 
concluded that the mechanism of electrochemical reaction must have been very 
similar with all three metals tested. Different adsorption coefficients of the relavent 
gases on gold compared to the other metals probably explains the differences in the 
results. Comparing Fig. 3.22 with Fig. 3.19 and 3.15 it can be seen that the gold 
electrodes are less active than platinum or silver electrodes. This has been attributed 
to a shorter TPB on gold electrodes (Wang and Nowick (1981)). 
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Fig. 3.20: Conductance of Au electrode in CO/CO2/N2 mixtures as a function of 
temperature. The CO: CO2 ratios were: [3,1: 1; X, 1: 10; V, 1: 25; +, 1: 100; *, 1: 1000. 
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Fig. 3.2 1: Conductance of gold electrode in 02/N2 mixtures as a function of 
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Fig. 3.22: Conductance of gold electrode as a function of oxygen partial pressure. 
13,800"C; x, 700"C; V, 600"C; +, 500*C; *, 400T. 
3.4) High overvoltage characteristics in 02LN2_MLxtures 
. The diffusion barrier of an amperometric sensor would have affected the 
concentration of the gas surrounding the test electrode at the overvoltages considered 
in this section. 7berefore, only, results using single disc. cells with all electrodes 
freely exposed to the same atmosphere are reported in this section. 
3.4.1 Platinum electrodes 
An interesting feature of the results in Fig. 3.23 was the plateau in the 
cathodic current. This was modelled with the Butler-Volmer equation by assuming 
(x, to be zero and ý to be 0.98mAcm-2 . The exchange coefficients (ot. and a. ) that 
fitted the results best (using 0.25 steps) where determined first and then io was found 
by linear regression of the low overvoltage results. These results were obtained 
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using CV mode. ac of near zero is a strong indication that the resistance of the 
electrode is controlled by diffusion of an active species on the electrode surface 
(Bockris and Reddy (1970)). However, other mechanisms were also significant 
because the plateau was not flat and at high cathodic voltages the current increased 
significantly. A possible explanation for this was that n-type conductivity was 
induced by the low oxygen activity at the cathode and this broadened the effective 
T? B. 
The large increase in anodic current while the overvoltage remained almost 
constant was a notable feature of the electrodes tested in 02/N2 mixtures (Fig. 3.23). 
The solid line represents the Butler-Volmer equation with a, =4 but at the highest 
il, values tested the current increased with almost no change in ij.. Widening of the 
TPB due to increased p-type electronic conductivity of the YSZ may explain this. 
Currents greater than lOmA were not tested using cuffent-interruption so Fig. 
3.24 presents data measured using CV mode. Note that currents and not current 
densities were used so while the exchange current (10) was 6.15mA the exchange 
current density was l. l8mACUf2 The overvoltages had to be calculated by 
subtracting the estimated electrolyte IR drop (Eu) from EWR' k was measured 
separately to be 1511 so E. - 15 x 1. The results for anodic currenu greater that 
6OmA were not shown in order to magnify the scale. The full results (1 VS* EwR 
instead of il) were reported in Fig. 3.11. The results show that the value of R,, 
measured at low currents had decreased at high currents as discussed in section 3.2.3. 
In Fig. 3.25 cc, was not rounded to the nearest ;4 (aa was) and the value for 
cec that best fitted the data was used in the Buder-Volmer equation. The conditions 
were similar to those of Fig. 3.23 with the cell at 800"C in 0.021 % oxygen, and the 
value of oý was 0.1. 
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Fig. 3.23: Log of current density on a 6Y-YSZ cell with Pt electrodes in 
0.0210/002 at 7000C. -, Buder-Volmer: cEc = 0, a, = 4,0.93mACM-2. X, 
measured by steady state'mode; [3, measured by CV mode. 
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Fig. 3.24: Current vs. overvoltage on a 6Y-YSZ cell with Pt electrodes in 
0.8%02 at 700"C measured by CV mode, at 2mV/s. -, Butler-Volmer equation 
with cc, = 0, a, = 4,10 = 6.15mA. 
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Fig 3.25: Log of current density on cell as Fig. 3.23 except at 800"C. -, 
Butler-Volmer equation with 0ý = 0.1. cc,, = 4.5. io = O. ImA. x, measured by steady 
state mode; E3, measured by CV mode. 
The above results do not conflict with the literature as a whole because there 
is very little agreement about the exact nature of current voltage characteristics of 
electrodes (Mizusaki et al (1987a & b) and Nakagawa et al (1993)). For instance 
Etsell and Flengas (1971) observed a plateau in the cathodic current at low pO2 and 
, 
found that the plateau current was proportional to P02' Schindler et al (1989) found 
the current plateau to be proportional to pO2". Nguyen et al (1986b) observed a 
cathodic, plateau at low P02 and found a,, and a. to be 1.5 and 0.5 respectively at 
higher oxygen concentrations. Both coefficients approached unity in pure oxygen. 
However, the important conclusion for this work is that at currents above ý, the 
anodic' overvoltage 'wýs much smaller than the cathodic overvoltage in 02/N2 
mixtures. 
-150U -1000 -500 0 
Overvoltage /mV 
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3.4.2 Silver electrodes 
Silver electrodes on 8Y-YSZ were tested using steady-state mode in a range 
of 02/N2 mixtures. 'Me data was fitted to the Butler-Volmer equation as before. 
Fig. 3.26 shows the results for the cell in air at 500 and 600*C. It can be seen that 
as with platinum, the electrodes only approximately obeyed the Butler-Volmer 
equation. 
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Fig 3.26: Log of current density on Ag electrodes on 8Y-YSZ at 500*C (M) and 
600"C (X) in air. -, Butler-Volmer: ce, = 
0.2 and 0.25, cc, =4 in both cases, 
0.14 and 0.6mACM-2 respectively. 
3.5) Overvoltages in COX92LO2&12-mixtures 
3.5.1 Platinum electrodes 
Some interesting results from cyclic voltarnmetry measurements in 
CO/COýN2 mixtures are illustrated in Figs 3.27 and 3.28. 'Me results in Fig. 3.27 
121 
were obtained using a fixed CO: CO2 ratio of 1: 1000 and the temperature was 
increased as shown in the diagram. In Fig. 3.28 the temperature was held at 650'C 
and the gas concentrations were changed as illustrated. The peaks in the cyclic 
voltammograms indicate the presence of an oxidizable species (possibly CO or 
carbon) on the electrodes. At high temperatures this species seems to disappear 
leaving the electrode with a very high resistance. Increased CO concentrations seem 
to remove the peak which might suggest that the species responsible is carbon. 
Looking at Fig. 1.10 it can be seen that below 700"C the reaction CO -ý C+ W2 
occurs most readily while above that temperature the reaction C02 -4 CO + ý202 is 
likely to be the first to occur as pO2 is reduced. The problem with the proposed 
formation of carbon was that with the gas mixtures used for Figs 3.27 and 3.28 P02 
was not low enough to make it thermodynamically possible. Bowever, it is possible 
that CO strongly adsorbed onto the platinum did create conditions favourable for 
carbon fortnation locally on the electrode surface. 
Another possibility is that CO was only, electrochemically active when it did 
not completely cover the platinum surface. At high gaseous CO concentrations and 
at high temperatures it covered the platinum surface so thoroughly that there were 
few vacant surface sites left where electrochemical reaction could occur. This was 
not the favoured theory because adsorption usually gets weaker as temperatures are 
increased. 
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Fig 3.27: Cuffent-voltage (EWR) characteristics of Pt electrode in 0.014% CO, 
14% C02, balance N2 at temperatures shown. Measured using CV mode at I mV/s. 
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Fig 3.28: Current-voltage (EWR) characteristics of Pt electrode in CO 
concentrations shown (balance 14% C02 and N2) at 650T. Measurements taken 
using CV at ImV/s. 
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Fig 3.29: Comparison of measured overvoltage as a function of current during 
3 tests at 7000C. [3,0.124% CO 96.9% C02 and balance N2; +, 14% C02 0.014% 
CO and balance N2; x, 0.12% CO 99% C02.0 and + on same disc, x on second 
disc. 
Fig. 3.29 shows 3 sets of results from tests where the CO: CO2 ratio was about 
1: 1000 at 700'C. The results were expected to be similar because both cells used 
were 6Y-YSZ with sputtered and screen printed platinum electrodes and the CO: CO2 
ratio was similar in all cases. The expected oxygen partial pressure was therefore 
similar. A particularly bad example of non-reproducibility was chosen for Fig 3.29, 
but the problem was common with CO/CO2 mixtures and, as discussed in section 3.3, 
was probably due to a slow responding process in parallel with more rapid processes. 
If an attempt were made to fit the Butler-Volmer equation to the data it can 
be seen that cc. > ct,. However, the difference was not as great as it was in 02/N2 
mixtures. 
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3.6) Conclusions 
This chapter concentrated on experiments performed on single YSZ discs and 
provided background material for the following chapters on sensors. It was explained 
how the overvoltage on the working electrode was isolated from the total voltage 
between the working and reference electrode using cuffent-interruption. This method 
was used throughout this work. Partly as a test for this method the conductivity of 
a number of YSZ discs was measured and the results were shown to be reasonable. 
It was concluded that using Table 3.1 as a guide for separating the overvoltage from 
the IR drop produced an error of no more than 5% of the applied voltage at 
temperatures below 650*C. A larger error was possible at 700'C or above because 
of the limited speed of the ADDA card. 
The current voltage characteristics of electrodes made from platinum, silver 
and gold were then examined. Generally the electrode conductance decreased as pO, 
decreased in 02/N2 mixtures. In CO/CO2 mixtures electrode conductance tended to 
increase as pCO increased but the opposite trend was sometimes observed at low 
pCO. It was noticed that for currents greater than io in 02/N2 mixtures 71, was 
significantly smaller than il, while in CO/CO2/N2 mixtures the difference was not so 
large. 
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Chapter 4 
Amperometric sensors in 02/N2 mixtures 
4.1) Causes of non-ideal response 
If an amperometric sensor could be made with no electrochemical leakage it 
would draw a current independent of pumping voltages above 200mV in 02/N2 
mixtures. Semipermeability would cause the current to rise at voltages greater than 
16OOmV at 700*C as seen in Fig. 1.8. It is important to quantify these two leakage 
mechanisms in order that the sensor output can be more accurately interpreted. 
4.1.1 Semipenneability 
The theory for sernipermeability was discussed in section 1.6.4. A number of 
measurements of the n-type conductivity of CSZ but only a few of YSZ have been 
reported in the literature. Kleitz et al (1981c) found up to a 60 fold variation for the 
reported values of cy, and cr,, for CSZ so using literature values should be done with 
care. 
Using equation 1.22, and data from Kleitz et al (1.981c), it was shown that 
sernipermeability was only a factor at higher pumping voltages. At 700"C the 
additional current due to n-type serniconductivity was I gA for 1540mV total applied 
voltage and lOgA for 1740mV for a sensor with 5. Omm diameter electrodes on YSZ 
0.7mm thick operated in air. It was therefore safe to say that electrochemical leakage 
was the only cause of non-ideal response below 1500mV at 700*C in air. The 
activation energy for cy. is high so decreasing the temperature to just 600"C means 
1770mV can be applied before leakage of IgA and 1950mV for IOAA would be 
expected. At 4000C it is 224OmV for IpA. Allowing for the uncertainty of the data 
used it can still be claimed that in this work the amperometric sensors were not 
S 
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operated in regimes where sernipermeability would have been significant. This was 
done to prevent possible damage to tAe devices. 
4.1.2 Electrochemical leakage 
Electrochemical leakage (Kaneko et al (1987)) was the most persistent 
problem encountered with the sensors 'used in this work. Any metallic (or 
electronically conducting) Contact between the inside and the outside of a sensor that 
creates a three phase boundary (TPB) between the zirconia, the metal, and the 
surrounding atmosphere causes electrochemical leakage. To minimize leakage these 
external three phase boundaries (ETPB) needed to be kept as short as possible. 
Alternatively they could be isolated from any substance that could be reduced: ie. 
any oxygen-containing gas, or any solid containing an easily reduced oxide. 
Sensors made using metal ring seals were manufactured in two stages. The 
first stage was to bond the two zirconia. discs together with a ring of the same metal 
used for the electrodes. Ibis metal seal also served to make the contact between the 
electrodes and the platinum wires leading to the potentiostat. The second stage was 
to cover the exposed part of the metal seal with glass paste which was then fired 
(Benammar and Maskell (1992c)). This helped isolate most of the ETPB and 
reduced but did not eliminate electrochemical leakage. 
To reduce leakage further, glass-sealed sensors were made using glass alone 
to seal the two YSi'discs together. However, metal tracks were needed to make 
contact to the internal electrodes. The small area of track exposed to the outside 
atmosphere caused a small amount of leakage. Fig. 4.1 shows a glass-sealed sensor 
sectioned through the seal and facing the internal pumping electrode. The small 
contact pad where the external lead was attached is marked and a possible path 
through the YSZ taken by the oxygen ions originating at the pad is also illustrated. 
In Fig 4.2 the paths taken by the oxygen ions are illustrated on a section cut 
through the zirconia discs of the sensor. Note that each of the two cells comprising 
a pump-gauge sensor make their own contribution to the leakage. Negligible current 
flows between the electrodes of the gauge cell so the electrochemical II eakage on it 
essentially lets more oxygen into the chamber. The potential on the external 
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Electrode 
Electrons returning 
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Lead contact pad 
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Fig. 4.1: Section through the seal of a glass-sealed sensor showing the sub-cell 
that caused electrochemical leakage. 
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Fig. 4.2: Section through the YSZ discs of a sensor showing the different paths 
taken by the oxygen ions in the gauge and the pumping cells. 
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pumping electrode attracts all the oxygen ions so the ETPB on this cell acts as a 
second cathode from which extra oxygen is pumped. If only the part of the sensor 
below and to the right of the dashed line of Fig. 4.2 is considered it can be seen that 
a sub-cell is formed. It has a small cathode (the ETPB) and a large anode (the pump 
electrode), both of which are exposed to the same atmosphere. 
Since the cathode (or the ETPB) was relatively very small it was assumed 
that the resistance to electrochemical leakage was predominantly located there. 
Therefore, on the gauge cell of the sensor, the overvoltage at the ETPB was equal 
to the potential between the internal and external electrodes. 
On the pump cell the oxygen ions from the ETPB share the anode with the 
ions from the internal electrode. They therefore share the same anodic overvoltage. 
Consequently, the overvoltage on the ETPB was equal to the potential between the 
internal pumping electrode and the external reference electrode (FWR)* 
To estimate electrochemical leakage it was assumed, as a first approximation, 
that both ETPB's would obey the Butler-Volmer equation (eqn(I. 18)) with both 
having the same coefficients for this equation. Greater accuracy in interpreting the 
experimental results was obtained by using this method to compensate for 
electrochemical leakage (see section 4.2.3). 
While the above method was useful it was only approximate for several 
reasons. Firstly, it was shown in chapter 3 that electrodes do not obey the Butler- 
Volmer equation. Secondly, when pO2 inside the sensor is very low the electrode 
resistances of the internal electrodes increase by more than two orders of magnitude. 
The leakage current will therefore no longer be determined by the ETPB alone, and 
a small overvoltage could develop on the internal gauge electrode. Thirdly, the 
exchange currents of the two ET? B's will not be the same. 
4M Results and inte&pretation 
4.2.1, Approaching the limiting current state 
The current that flows in an amperometric sensor obeys eqn(I. 17) 
approximately. By using the gauge voltage (E. ) as an indication of p'02 (oxygen 
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partial pressure within the enclosed volume) any overvoltages on the pumping 
electrodes are eliminated from the equation. Therefore, the equation models the 
current voltage characteristics of sensors over a wide range of conditions. However, 
as discussed in chapter 1, the flow correction (-In(I-XO2)) needs to be included for 
accurate interpretation of results where the oxygen concentration is above a few 
percent. A more general and accurate equation was derived by substituting the 
Nernst equation (eqn(I. 7)) into eqn(I. 13). Thus: 
4FDV 
1_ X41 _, OX44M RTA RT 
Figs. 4.3 to 4.6 show the results of tests done on the two glass-sealed sensors, 
GI and G2. Fig. 4.3 shows that eqn(4.1) could model the pump cuffent (1p) of 
sensor GI as a function of the gauge voltage (E. ), but that Ip vs. the pump voltage 
(Eý) deviated from the predicted line. Fig. 4.4 presents results measured at the lower 
temperature of 450"C so the overvoltages on the pumping electrodes were larger as 
was the IR drop through the electrolyte. The figure shows ý vs. the voltage 
between the internal pump electrode and the external reference electrode (EWR) and 
vs. the overvoltage on the internal electrode (ij, ). il, was calculated by subtracting 
the Nernst (gauge) voltage from the value of EWRW at the time when the IR drop 
had decayed to a negligible value (see Table 3.1). Therefore: 
EWR(O) = 11c + ES + IR drop. 
vs. EP (EP = i1c + full IR drop + Ila + E,, ) was also plotted. Despite the large 
deviation between eqn(4.1) and ; vs. Ep there was little deviation between this 
equation and E,. 
The gauge voltages shown in fig. 4.5 did not agree as well with eqn(4.1) as 
those shown in Fig. 4.4 because sensor G2 was only given about 7 minutes to 
stabilise at each pump voltage setting. This was too short a time for the gauge cell 
to reach equilibrium at the relatively low temperature of 500*C. The results reflected 
in Fig. 4.4 were taken after more than 20 minutes so closer agreement with the 
Nernst law was achieved, even at 45011C. At 4000C (Fig. 4.7) the error in E. 
increased suggesting that 20 minutes was still not long enough for the electrodes to 
reach equilibrium at that temperature. Young (1983) and many others found large 
deviations from the Nernst law below 400T although they did not say how long they 
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waited for equilibrium. The accuracy of E. readings was assessed more carefully in 
section 4.2.4 after compensating for electrochemical leakage. 
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Fig. 43: Current - voltage characteristics of sensor 01 at 650*C. -, 
theoretical responses (eqn(4.1)) for ý vs. E. assuming pore diameter (OP) of 50. Ogm. 
+, ý vs. E. in air; A. ý vs. E. in 10.5% 02; 1: 1, lp vs. EP. 
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Fig. 4A Current - voltage characteristics of sensor GI at 450*C in air. - 
theoretical response assuming OP = 50. Ogm; x, ý vs. E, -,. -*-, lp vs. cathodic 
overvoltage; vs. EWR; -13-0 ý vs. EP. 
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Fig. 4.5: Current - voltage characteristics of sensor G2 at 500T in air. - 
theoretical response assuming OP = 22.3gm; x, ý vs. E.; -E3-, ij,; +, EWR; -o-, Ep. 
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Fig. 4.6: Current - voltage characteristics of sensor G2 at 7000Q and . 
theoretical responses assuming Op = 22.31im; x, ý vs. E. in air; -EI-, ý vs. Ep in air; 
A, ý- vs. E. in 1.9%02. 
ý1 .0". 
I 
-. 1 
.2 
I 
-. 4 
-800 -600 4W -200 0 
Voltap /MV 
Fig. 4.7: Current - voltage characteristics of sensor GI at 4001C in air. 
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4.2.2 Electrochemical leakage on silver seals 
An experiment was done to illustrate how the application of a glass layer over 
a metal seal reduced electrochemical leakage. A sensor made with a silver metal seal 
and silver electrodes was used. Figs. 4.8 and 4.9 show the results, at 600 and 750*C 
respectively, before and after glass was applied to the outside of the silver seals. The 
sensor was tested in air by cyclic voltammetry at 20mV/s with the applied voltage 
being made increasingly anodic initially. It was apparent that the cathodic currents 
were much lower after the application of the glass. The current also showed a 
greater inclination to form a plateau showing that the glass did not simply plug a leak 
where diffusion could occur. 
The glass coating did not totally eliminate this leakage because the currents 
achieved showed a strong temperature dependence: ImAat750'C, 0,4mAat6OO"C 
and 0,2mA at 500"C (measured at 450mV). Therefore, although putting a layer of 
glass over the external metal-zirccinia interfaces of metal-sealed sensors helped a lot. 
it did not cure the problem. A likely cause was thought to be incomplete coverage 
of the zirconia-metal interface by the glass. It was also possible that the glass at the 
interface was partially reduced and that the oxygen from the reduction caused a small 
current. Another possibility was that electronic (and possibly ionic) conduction was 
induced in the glass by the reducing conditions. 
An important compound in glass is usually silica. Fig. 1.10 shows that silica 
is more easily reduced than zirconia. It was therefore reasonable to assume that it 
would be partially reduced before zirconia and thus becom6 an ionic and/or electronic 
conductor. Glasses contain many oxides and it is likely that many of these may be 
more easily reduced than silica. Therefore glass should, not be allowed to come into 
contact with the electrode (which includes the metal of a metal seal) where the 
oxygen activity is the low. 
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Fig. 4.8: Response of silver sensor to sawtooth voltage waveform 2OmV/S. 
Sensor at 600*C in air. V, bare metal seal; [3, glass covered seal. 
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Fig. 49: As Fig. 4.8 but at 750T. 
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A large peak in the cathodic current was apparent at low voltages presumably 
due to the removal of oxygen absorbed on or dissolved in the silver within the sensor 
(Haaland (1980)). This dissolved oxygen increased the response time of the sensor 
compared to one made from platinum which did not produce such large cathodic 
peaks (see section 6.2). 
To determine the steady-state currents a much slower scan was needed but the 
sensor failed before these tests could be done. This was a repeated feature of silver 
sensors and was shown to be due to the formation of fine tracks of silver on the 
surface of the glass covering the seal (clearly visible under a microscope). Ile 
tracks grew between the tags of silver used for scaling the sensor and as electrode 
contacts. The tracks created a short circuit and their growth seemed to be associated 
with the applied voltage on the two tags between which they grew. If the tracks 
were ground away the short circuit problem disappeared for a while, but application 
of a voltage difference on the tags made it reform within tens of hours. 
The silver electrodes tested produced current densities comparable with the 
better platinum electrodes. Silver was therefore considered a promising electrode 
material provided that the track formation problem could be solved. 
4.2.3 Estimating the electrochemical leakage 
Figy. 4.10 shows the results of operating sensor GI in air at 750*C. 7he solid 
line with a plateau at I -0.52mA represents the theoretical current (eqn(4.1)) 
assuming no electrochemical leakage and a pore diameterof 49.51LM. The dashed 
line is the sum of the previous result and an estimate for leakage assuming an 
exchange current (10) of I. OgA on each cell and ct, = 0.30. Since cc, had little affect 
on the results it was assumed to be 1.5 for all leakage estimations. 7be difference 
between the theoretical current (including leakage) and the actual current was 
multiplied by 10 to clarify the magnitude of this difference (plotted as (0) in Fig. 
4.10). 
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Fig. 4.10: Sensor GI in air at 750'C. X, measured current vs. gauge voltage; 
I 
theoretical current assuming no electrochemical leakage; theoretical 
current after adding contribution from leakage; [3, deviation between results and 
theory multiplied by 10.0 P= 49.5pm, 10 = I. OgA, ac = 0.30. 
An interesting feature of sensor GI was that the gauge voltage would remain 
almost constant while the pump voltage was increased over a relatively wide range. 
Fig. 4.11 is similar to Fig. 4.10 except that 01 was at 700"C. While EP increased 
from -260 to -680mV E. only increased from -250 to -26OmV. The difference was 
taken up by a large increase in the overvoltage on the internal pumping electrode also 
shown on Fig. - 4.11. In chapter 3 it was demonstrated that the overvoltages, for a 
given current, increases as the oxygen partial pressure decreases. - This was probably 
a partial explanation for the rapid increase in overvoltage seen on sensor GI. 
While E. remained almost constant during the above mentioned process the 
electrochemical leakage on the gauge cell changed little. However, EP increased 
significantly so the leakage on the pumping cell also increased. Careful inspection 
of Figs 4.10 and 4.11 reveals how the above theory was able to account for the small 
step increase in current that occurred while the E. was nearly constant. They also 
illustrate how well the theory was able to account for the rapid rise in current as the 
-800 -6W -400 -200 0 
Gauge voltage /mV 
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E. approached -10OOmV. Again, this was due to E. increasing much more slowly 
than Ep causing a rapid increase in electrochemical leakage on the latter cell. 
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Fig. 4.11: Sensor GI in air at 700"C. x, measured current vs. gauge voltage; - 
,--, 
theoretical current including contribution from leakage; E3, deviation between 
results and theory multiplied by 10; -V-, , overvoltage on internal pumping 
electrode. 0. = 49.51im, To = 3pA, a, = 0.17. 
Fig. 4.12 illustrates the results from sensor G2 in air at 700T. Summing the 
electrochemical leakages from each cell allowed the theory to account for the 
observed cuffent, withinI% between 100 and 700mV. Above 700mV the leakage 
current made a larger contribution to the measured current and deviated significantly 
from the fitting parameters of the Butler-Volmer equation. Below lOOmV the source 
of error was the deviation between the gauge voltage and Nernst's law which is 
discussed below. 
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Fig. 4.12: Sensor 02 in air at 700*C. Symbols as Fig. 4.10, Op 22.09m, Io 
0.61LA, ac = 0.22. 
In chapter 3 it was explained how observed ccc values typically range from 
close to zero to 0.5. The a, values in the above three examples are within this range. 
The 10 values required to model the leakage provide an approximate indication of the 
size of the ET? B causing the leakage. The area equivalent of the ETPB was 
estimated using the data presented in Fig. 3.24 as a model for electrode activity. The 
current through the cell was -9.2mA when il, was -500mV. Sensor GI was not 
tested in the same 02 concentration (0.8%) but it was tested at 1.9% and 0.41% 02 
in N2. The coefficients used to model the leakage in these mixtures at 700"C were 
10 = OApA and 0.17gA and cE, = 0.18 and 0.22 repectively. The predicted leakage 
currents on each cell at -500mV were 1.17 and 0.63pA respectively. These values 
are 4 orders of magnitude lower than on the 19.6mm2 electrode used for the 
comparison. The equivalent area of the ETPB on each cell of GI was therefore 
2xlO-3MM2. If the TPB was 2gm wide as suggested by Brook and Markin (1973) 
the TPB would have been Imm long which was not unreasonable considering the 
sensor design. 
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4.2.4 Accuracy of the gauge cell 
Having quantified the major source of non-ideal behaviour in the sensors it 
was possible to estimate the error in'the gauge voltage. When the current is at a 
plateau and is almost independent of the pumping voltage, any error in the gauge 
voltage has little effect on the accuracy of eqn(4.1). At low voltages where the 
current is changing rapidly the gauge voltage error is the major source of total error. 
To quantify this error it was assumed that the parameters (0,,, 6 and co 
fitted as above were exact and that eqn(4.1) would have been exact if E. had obeyed 
the Nernst law. The results in table 4.1 show how the error in E. on sensor 01 
increased as the temperature dropped below 500"C. The sensor was given an average 
of 20 minutes at each EP setting to reach equilibrium. Above 500*C the estimated 
error in E. was less than 3mV with no -obvious temperature de I pendent trend. 'Mis 
agrees with Perfilyev and Fadeev (1984) who found that the lower limit for accurate 
compliance with the Nernst law was 500*C if 10 minutes was allowed to reach 
steady state. Etsell and Flengas (1972) proposed that the formation of oxides such 
as PtO, Pt3O4 and Pt02 prevented platinum electrodes from giving an accurate Nernst 
potential below 500*C. 
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Table 4.1 
Comparison of measured gauge voltage (on GI) with theory 
based on eqn(4.1) as a function of temperature and pO2. 
Tempe Oxygen concentration (percentage in N2) 
rature 20.9%02 5.225%02 0.41%02 
OC. 
Es E. theor- Eg E. theor- Ell E. theor- 
measured etical measured etical measured etical 
750 -8.02 -9.69 -4.37 -4.88 -4.52 -3.85 
-17.2 -19.1 -9.04 -9.65 -19.39 -17.62 
600 -8.75 -10.68 -7.33 -8.57 -4.23 -3.47 
-30.32 -32.8 -16.76 -17.53 -19.24 -15.94 
500 -1.46 -2.87 -3.94 -6.29 -3.35 -4.28 
-7.14 -9.22 -18.51 -21.53 -17A9 -17.1 
450 +3.06 -1.5 -3.21 -17.41 +3.94 -4.96 
-9.91 -16.1 -7.14 -14.8 
400 +8.75 -9.99 -0.44 -39.9 +20.99 -13.2 
-5.1 -24.6 -72.3 -81.2 -10.79 -35.1 
350 +80.9 -3.98 +63.55 -5.1 
-2.33 -70 +32.65 -30.1 
4.2.5 Current as a function of temperature 
Sensor GI was tested at temperatures between 750 and 350"C at 50*C 
intervals. The results using air were used to calibrate the effective pore diameter 
since the oxygen content of the dry (b ottled) air used could be confidently taken to 
be 20.9%. ' , Figs 4.10 and 4.11 above represent the'results at 750 and 700*C 
respectively. Figs 4.13 and 4.14 below represent the results at 600 and 500*C 
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respectively. 
The deviation from theory multiplied by 10 was plotted on all these graphs 
and it can be seen that the deviation was generally less than 1%. In order to reach 
this level of accuracy it, was found, that the assumed pore diameter had to be 
increased slightly as the temperature dropped. At 750"C it was 49.5pm and at 500"C 
it was 49.81im. This adjustment may have been needed because the temperature 
dependence of the bulk gas diffusion coefficient of 02/N2 mixtures was slightly less 
than the value of T' . 75 actually used (see eqn(Al. 29)). Usui et al (1989b) found a 
'T' . 73 dependence in 02/N2 mixtures in agreement with the above observation. 
AltemativelY, the shape of the diffusion pore (annular because of the platinum wire) 
could have caused Knudsen diffusion to make a small contribution to the bulk 
diffusion coefficient. 7be experimental results from sensor G2 were not as accurate 
because of the relatively larger contribution from the leakage current; compare Figs. 
.0 
-. 1 
-. 4 
-. 5 
Fig. 4.13: Sensor GI in air ai 600"C. x, measured current vs. gauge voltage; 
---, theoretical current including contribution from leakage, To = 80nA, a. = 0.13; 
[3, deviation between results and theory multiplied by 10. -V-, overvoltage on 
internal pumping electrode. 
-1000 -800 -6W 400 -200 0 
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4.10 and 4.12. Less extensive results were also obtained so it was not possible to 
compare temperature dependence data. However, the same trend was observed 
because the pore diameter that fitted the data changed from 22.2gm at 500*C to 
22.0jim, at 700"C. The smaller pore could have caused a contribution from Knudsen 
diffusion. 
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Fig. 4.14: Sensor GI in air at 500*C. Symbols as Fig. 4.14. 
4.2.7 Cuffent. as a function of P02 
Sensor GI was tested in oxygen concentrations ranging from 20.9% (air) to 
0.1%. At all concentrations it was possible to find a value of 10 and a. that 
accurately modelled the results. No adjustment was needed to the pore size, used to 
model the air results, at any temperature. Figs. 4.15 to 4.18 below and 4.13 above 
show results using a range of oxygen concentrations; all at 600"C with sensor GI. 
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Fig. 4.15: Sensor GI in 5.225%02 balance N2 at 600T. x, measured current vs. 
gauge voltage; ---, theoretical current including contribution from leakage, 10 = 
UpA, ac = 0.14; [3 deviation between results and theory multiplied by 10. -V-, 
overvoltage on internal pumping electrode. 
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Fig. 4.16: Sensor GI in 1.9c'002 balance N2 at 600T. Symbols as Fig. 4.15, 
1() = 80aA, cc, = 0.17. 
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Fig. 4.17: Sensor 01 in 0.41 C'1002 balance N2 at 600T. Symbols as Fig. 4.15, 
20nA, cc, = 0.23. 
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Fig. 4.18: Sensor GI in 0.1%02 balance N2 at 600T. Symbols as Fig. 4.15, 
10 = 30nA, cc, = 0.19. 
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The difference between theory and experiment was usually better than I% for 
oxygen concentrations of 4.1% and above which is about the accuracy with which 
the mass flow control valves were expected to be able to control the oxygen 
concentration. Also, looking at the parameters used to model the leakage current it 
can be seen that electrochemical leakage decreased with decreased temperature and 
oxygen concentration. This conforms with the expected trend for overvoltages 
discussed in chapter 3. 
4.3) Conclusions 
Eqn(4.1) was derived by taking into' account all known factors affecting 
pump-gauge sensors except electrochemical and semipermeability leakage. At low 
applied voltages where leakage was minimal it 'was shown that eqn(4.1) could 
accurately model vs. E. of a pump-gauge sensor. By using a number of 
simplifying assumptions it was found to be possible to compensate for most of the 
electrochemical leakage using the Butler-Volmer equation. Using this correction a 
range of experimental results could be modelled to better than 1% accuracy. At 
temperatures below 500"C the gauge voltage did not follow the Nernst law. 
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Chapter 5 
Advanced gas s'e, ns'oii: theor, y and tests 
5.1) Theory of current due to gases containing oxygen 
If a sufficiently large voltage is applied to the electrodes on a zirconia vessel, 
the oxygen partial pressure inside can be reduced to the extent that any oxygen- 
containing gas will be reduced. A number of authors including Fouletier et al (1984) 
and Taimatiu et al (1988) have derived theoretical equations showing the relation 
between current, the oxygen partial pressure and the partial pressure of gases such 
as H2, H20, CO, C02, NO etc. However, these workers considered gas flowing 
through a zirconia tube. The situation in an amperometric sensor is slightly different. 
The rate at which species enter the diffusion pore equals the rate at which they are 
consumed within the sensor. However. this rate is limited by the rate of diffusion 
of the species through the pore. Mass balances can therefore be formulated using the 
equations for diffusion rates discussed in chapter 1. 
5.1A The water/hydrogen system 
i 
The example of water reduction (or hydrogen oxidation) was considered first. 
The electrochemical reaction may be considered as: 
H20 + 2e' H2 + ()2- 
or the chemical reaction as: 
H20 H2 
A steady state mass balance was done on the free oxygen entering the internal 
volume of the sensor using eqn(I. 14). 
r02 1/4F + r02(PO2 - P"02) (5.1) 
r02 is the rate at which oxygen enters the internal volume, P02 is the partial 
pressure of oxygen surrounding the sensor and p'02 is the partial pressure within the 
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sensor. r is the leak conductance given by: r= DA/RTC, it is a coefficient 
describing the rate of diffusion of gases through the pore. The diffusion coefficient 
(D) was estimated assuming a binary mixture of the 2 dominant gases. The method 
used to estimate D is presented in Appendix 1. Therefore rH20 (for example) was 
calculated using D determined for a steam/nitrogen mixture. This was a necessary 
simplification because diffusion coefficients in complex gas mixtures are difficult to 
predict. Also the composition of the gas changed through the length of the pore, 
adding to the difficulty of finding an exact solution. 
-r is taken as positive for gas flowing into the sensor and I as positive for 
oxygen being pumped into the cell. This conforms with the convention used in this 
work of the internal pumping electrode being the working electrode (WE) and anodic 
currents on the WE being positive. 
Using the same procedure as for eqn(5.1) a mass balance for water is: 
rH20 = rH20(pH20 - p'H20)* (5.2) 
A mass balance for free hydrogen gas gives: 
rH2 rH2(pH2-p'H2)* (5.3) 
The balance for all hydrogen is: 
rH2 + rH20 ý 0, (5.4) 
and for all oxygen it is: 
rO2 + VjH20 ý- 0 (5.5) 
By expressing eqn(5.1) in terms of I and substituting in eqns(5.5) and then 
(5.2) it is readily shown that; 
I= 2FrH20(pH20 - pH20) 
4FrO2(P#02 P02) (5.6) 
Rearranging eqns(5.2), (5.3) and (5.4) produces: 
p'H20' pH20 + rH2/rH20(pH2 - pH2) (5.7) 
p'H2 is determined from th"c' equilibrium relationship (eqn(I. 29)) and substituting it 
into eqn(5.7) gives: 
p'H20 = pH20 + rH2/rH20(pH2 - KH20V'p'H20/p"02'4) 
rearranging gives an expression for pH20 which when substituted into eqn(5.6) 
results in: 
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pl-ýO + 
rH2A 
1z 2Fr. 
2, D 
1pH20 
r. KM P% 
(1+r. P, 0l, - 
- pNO + 4Fro2(p'O, - pO2) (5.8) 
i 
Eqn(5.8) is divided into two distinct parts, the first being due to reduction of water 
or oxidation of hydrogen and the second being due to reduction of free oxygen (or 
its production). The current can therefore be calculated in two parts, the second part 
being identical to eqn(I. 14) derived for 02/N2 systems. 
p'02 was calculated from the following equation derived from the Nernst 
equation: 
P'02 :- P02 exp(-4FEdRT) (1.7a) 
E. (the gauge voltage) was used because there was no overvoltage on the gauge 
electrodes. It was possible for mixed potentials to prevent E. obeying the Nernst law 
at low temperatures. However, Fouletier et al (1984) found that the agreement at 
805"C was better than 0.4% in their tubular system. 
The final equation expressing the current (without the contribution from the 
free oxygen) as a function of the gauge voltage was therefore: 
lwoý 2Fr,, 
rH2 K1,20 Pv' 
rý. PO, 
(-4FE. I 
"ý ýR) 
- pH20 (5.9) 
The theoretical relation between current and gauge voltage at 600 and 900'C 
for a gas containing 1091o 0. and 10% H20 is shown in fig 5.1. 
pIH60 + 
r,, 2 
r... 
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Fig. 5.1: Theoretical current voltage relationship for amperometric sensor reducing 
water vapour at 600*C and 900"C. H20 and 02 concentrations were 10%. balance 
N2. Pore length was 0.7mm'and OP was 50pm. 
5.1.2 The CO/CO2/C system 
Carbon dioxide reduction could follow any of 7 possible paths involving the 
4 reactions listed below: 
C02 + 4e- C+ 202-- (a) 
C02 + 2e' CO + 02- (b) 
CO + 2e' _+ C+ 02' (c) 
2CO C+ C02 (d) 
The possibility of parallel and serial'reactions made the prediction of reduction 
behaviour using only thermodynamic relationships impossible. Data about the 
relative rates of the reactions was required. Although there has been much work 
reported on the oxidation of CO on platinum electrodes using solid electrolytes there 
has been relatively little done on the reduction of C02 with such systems. Fouletier 
at al (1974) demonstrated reaction (b) in; a flow system using a zirconia tube. The 
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mechanism was not well enough understood to make any assumptions about the 
relative rates of any parallel reactions. Single reactions therefore had to be 
considered by themselves starting with reaction (a). 
At the temperatures of interest, carbon is a solid. From a thermodynamic 
point of view the activity of carbon is either zero or equal to the ambient pressure 
of the system (solid graphite or carbon present). Therefore, any chemical reaction 
involving it undergoes a sudden transition from conditions where carbon is not 
thermodynarnically stable to conditions where it is. 
The derivation of an expression for the pump current as a function of E. 
followed the same lines as for water reduction and can be found in Appendix 1. The 
result is: 
IC02 = 4F rCO2[pCO2 - P021KC02 exp(-4FEVRT)I. (Al. 5) 
The predicted current due to partial reduction only is also derived in 
Appendix 1. 
e PCO2 + rOOfrOO2 PCO IUD 2FrCO2 pCO2 
r (Al. 9) CACOII, 
ýi 
r. PIO. ", 
Reduction of CO could not occur if it was not first produced by reduction of 
C02 so at least two reactions had to be considered together. All the C02 that 
diffused into the sensor was consumed, but the CO produced was both consumed by 
reaction (c) and lost by diffusion out of the sensor. Without detailed knowledge of 
the relative rates of all the reactions it, was not possible to model the real situation 
where 2 or more reactions occurred simultaneously. 
The disproportionation reaction (d) could only occur in the event of the 
concentrations of CO and C02 being away from equilibrium and P"02 being low 
enough to allow the formation of carbon. Because no free oxygen was involved in 
the reaction it is unlikely that it was electrochemically active. If reaction (d) did 
occur, the result would be to bring CO and C02 closer to equilibrium if the rates of 
reactions (a) and (c) were such as to remove these gases from equilibrium. The 
occurrence of reaction (d) would bring reaction (b) nearer to equilibrium. 
The currents predicted by eqns(Al. 5) and (Al. 9) are shown in Fig. 5.2 for 
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temperatures of 600 and 900*C. 
.2 
1 .1 
Fig. 5.2: Current predicted for reduction of 10% 02 and 10% Co. in N2 to CO 
and C. -, 90011C; - 600*C. 7be pore length was 0.7mm and OP was 50pm. 
The S021S, system 
The reduction of S02 could follow a number of different paths since 
intermediate oxides such as SO and S20 could be involved (Barin (1989)). The 
direct reduction to sulphur was the only possibility considered here. 
S02 + 4e 4S2 + 202- (a) 
Sulphur in the vapour phase occurs as S2. S49 S6 and SS (Considine (1984) and 
Rapp and Shores (1970)). Estimating the diffusion coefficient would therefore 
require a knowledge of the proportions of each species. Since the currents obtained 
experimentally for S02 reduction were high it was assumed that only S2 was present. 
The current due to the reduction of S02 as a function of gauge voltage was derived 
in Appendix 1. Leaving out the current due to oxygen reduction the result is: 
01111- ___I ____ -III- -I- IIII 
0 200 400 600 800 1000 1200 
Gauge voltage /mV 
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I SOI =4F, 
r,. 
2 (pSO2 - pIS02) (Al. 14) 
where pýSO2 is found by the equation: 
r 
-1* 1+8 02+2pS2 
PIS02 
P/022 r,,, 
( 
(Al. 13) 
2 4 K., r. P 
plo. 2 r,,, 
Only the root producing a positive value is . valid in equation A1.13. 
5.1.4 The NO 
, 
ý/NP/N system 
The situation with NOx was potentially the most complicated of all. Barin 
(1989) listed the heats of formation for 7 different NO. compounds. NO was the 
only gas tested in this work so the only possible reactions were; 
NO + 2e- ---+ 4N2 + 
02' (a) 
2NO + 2e' --4 
N20 + 02' (b) 
N20 + 2e' ---+ 
N2 + &' (C) 
Assuming only reaction (a) the limiting current predicted is: 
INO Mr. pNO- -1 
*ýl+SKno2/p'02(pNO+2pN2) 
&,, ý'02 
The predicted current due to reaction (b) only is: 
-1* 1+ 8- 
K2NO 
pNO+2pN20 
r2NO 
/Oi 
No 
"'PVTNO (AI28) 
2FýNo pNO- 2 4 K2W r2NO 
'A p,, P'02 rNO 
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5-2) Tests in C02Q21N2 mixtures 
In the sensors used in this work the current due to electrochemical leakage 
masked that due to C02 reduction. Fig. 5.3 illustrates the magnitude of the problem. 
The theoretical current due to partial COj reduction only is compared to the 
measured current, the theoretical current due to 02'reduction and the total theoretical 
current. Because the current due to leakage'was difficult to predict and greater than 
that due to C02 reduction (62) it was not possible to isolate the contribution from 
IC02, With the degree of leakage'illustrated in Fig. 5.3 the sensor could not measure 
C02 concentrations of less than I %; - The resolution of the sensor would improve in 
direct proportion to'any reduction in'leakage current. 
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Fig. 5.3: - Sensor GI in 0.28% C02 and 1.89% 02 in N, 2 at 6500C. ---, 
predicted using 49.61im pore, AO = 0.7pA, ctc = 0.13., - -, current due to 02 
reduction only; current due to C02 reduction only; x. measured ý vs. E,,. - 
Fig. 5.3 shows the theoretical current due to partial reduction of C02 only 
compared to the measured pumping current (ý) and the total theoretical current. 
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Both were plotted against the gauge voltage (E. ) which appeared to reach a limit just 
below -100(knV. Figs. 5.4 and 5.5 show results measured under similar conditions. 
E. reached a limiting value because a large increase in the overvoltage on the internal 
) prevented complete reduction of C02 before the zirconia pumping electrode (ij, 
became electronically conducting. The maximum E. reading corresponded to 43% 
of the C02 being reduced to CO in Fig. 5.3 and 45% in Fig. 5.4. Fig 5.6 illustrates 
a similar set of results. 'Me total theoretical current and the theoretical current 
without the component due to C02 reduction were extrapolated beyond the gauge 
voltage values measured experimentally. This was done by assuming no further 
increase in the internal electrode overvoltage. The contribution from electrochemical 
leakage therefore increased very little on the extrapolated curves. The difference 
between these two curves illustrates the current expected from C02 reduction. 'Me 
greatest E. reading corresponded to 42% of the COý being reduced. 
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Fig. 5A Sensor GI in 7.2% C02 and 19.4% 02 in N2 at 70011C. ---, predicted 
using 49.5gm pore, 10 = 1.7gA, ac. = 0.17. current due to C02 reduction only 
vi. E, -, x, measured ý vs. E,; -v-, 1. vs. lic. 
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Fig. 5.5: Sensor GI in 0.39% C02 and 5.12% 02 in N2 at 650"C. 
predicted using 49.6gm pore, 10 2gA,, ac = 0.09. current due to C02 
reduction only vs. ý.; x, 
_I, 
vs. Es; -vL. 1. výs. Tl,. 
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Fig. 5.6: Sensor GI 'in 20.6% C02 and 16.6% 021 in N2 at 700"C. 
predicted using 49.5lLm' pore, 10 =451A, a, = 0.26. - -, current due to 0, 
reduction and electrochemical leakage vs. 'E,, X, ý-vs. E.; -v-, ý vs. ij.. 
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Under limited circumstances when the pumping voltage was in the range of 
1100 to 1400mV, the current suddenly decreased before rising sharply again with 
increased applied voltage. Often it, was a single pump voltage setting where the 
current reading was substantially below the neighbouring readings. Since the current 
readings were calculated using the average of many readings it is unlikely that it was 
caused by instrument error. The phenomena was only observed between 650 and 
700*C., Also, when the current dropped the gauge voltage increased. Figs. 5.7 and 
5.8 show examples of such behaviour and the theoretical currents due to CO. 
reduction to CO and C are illustrated. 
It is possible that the dip in current was caused by carbon formation on the 
internal pump electrode. Although the gauge, voltage indicated an oxygen potential 
lOOmV lower than that where carbon formation was thermodynarnically possible it 
may still have occurred for. three reasons. 
The gauge electrodes may not have obeyed the Nernst law and the oxygen 
potential within the sensor may have been lower than that indicated. 
- ., 
Perfilyev and Fadeev (1984) found that platinum electrodes in CO/CO2 
,ý -mixtures gave slightly 
incorrect Nernst readings at all temperatures tested. 
Fouletier et al (1974) showed that at temperatures between about 700 and 
900"C the Nernst potential on, platinum electrodes provides an accurate 
indication of the oxygen partial pressure in the gas phase. They also found 
that C02/CO mixtures reached equilibrium. In a different apparatus Mizusaki 
et al (1990) found that at 800*C, the inclusion of platinum painted surfaces 
in the gas stream leading to the electrode brought CO/CO2 mixtures closer to 
equilibrium. .I 
It is possible that the oxygen activity on the pump electrode was lower than 
that on the gauge because of the overvoltage on the former. 
It is possible that the electrochemical leakage current produced a small 
overvoltage on the internal gauge electrode and thereby reduced the potential 
difference across it. 
The theoretical curves in Figs. 5.1.5.7 and 5.8 show that there is a very 
narrow band where reduction of C02 to C is possible but the resultant current is 
lower than that due to reduction of C02 to CO. Therefore a change in mechanism 
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from reaction (b) to reaction (a) could cause a dip in current. However, the dip in 
observed current was greater than that due to partial C02 reduction (40AA in Fig. 
5.6) so the proposed change in reaction route seems unlikely. It is also unlikely that 
the dip was entirely due to increased electrode resistance caused by the formation of 
carbon on its surface. Such a mechanism would have been associated with a 
decrease in E. instead of an increase. 
It must therefore be concluded that oxygen was chemically consumed by the 
process causing the dip. The most likely explanation was thought to be 
disproportionation of CO followed by partial oxidation of the resulting carbon. These 
two reactions (d) and (c) were presumed not to be electrochemically active while 
partial reduction of C02 (reaction (b)) was. Etsell and Flengas (1972) and Gur and 
Huggins (1992) noticed that carbon does not always form even when the CO 
concentration is high enough to, mak, e it . thermodynamically possible. 
I 
Carbon 
formation may require a nucleus before it can start. If this supersaturation occurred 
in the sensor the CO concentration could have built up to a high level before a 
nucleus of carbon formed. The CO would then rapidly disproportionate and the 
resulting carbon may have reacted with the oxygen entering from the diffusion pore. 
Strong evidence for this theory comes from Yentekakis and Vayenas (1988) who 
found that CO can decompose under certain conditions forming C that reacts rapidly 
with gaseous 02. 
ý As the pump voltage was further increased, the current increased little and the 
overvoltage on the pump electrode increased considerably. It is therefore likely that 
carbon formation partially blocked the pumping electrode and increased its resistance. 
The results in Fig. 5.9 show the slightly different behaviour of sensor G2 
under similar circumstances. It can be seen that il, increased as ý decreased and 
there was no single current reading significantly below its neighbouring readings. 
Carbon formation partially blocking the pump electrode was therefore probably, the 
only phenomena Involved here. 
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Fig. 5.7: Sensor GI in 0.507% C02 "and 0.408% 02 in N2 at 650"C. -- 
theoretical current due to complete reduction of C02 vs. E.; -, 'partial reduction 
of C% vs. E.; _x-, vs. E.. 
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Fig', 5.8: Sensor 01 in 0.507%-CO2 and 0. '408% 02 in N2 at 700*C. -- 
predicted 'using 49.5pM' pore, 1.0.5gA, (x, '- 0.21. and -- theoretical 
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Fig. 5.9: Sensor G2 in 2.31% C02 and 1.856% 02 in N2 at 700"C. ---, total 
theoretical current assuming OP = 22gm, To = 70nA, tx, = 0.32; -, partial 
reduction of C02; -x-, ; vs. E.., 
Further examples qf dips in the pump current when in C02 atmospheres can 
be found in the paper by Copcutt and Maskell (1992) reporting results from an earlier 
sensor. Takahashi et al (1985) also presented results 
-indicating 
a slight dip in the 
pump current of their amperometric sensor with platinum electrodes operated in 
C0,2/02/N2 atmospheres at 700*C. It would therefore be interesting to test if 
electrodes of materials other than platinum also experiencý this phenomenon. 
5.3)'Tests in SO,, /O ixtures 
Fig. 5.10 shows the high currents that resulted when sensor 01 was operated 
in S02-containing atmospheres at 7500C. Fig 5.11 illustrates earlier results using the 
sensor at 6000C in a lower S02 concentration. Although the measured current was 
closer to the theoretical current it was still much higher than expected. Note that in 
both figures the theoretical- curves show results assuming ten times the S02 
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concentration actually fed to the sensor. It could have been suspected that the S02 
had corroded the platinum wire blocking the diffusion pore and thus increasing the 
effective pore diameter. The results in Figs 5.12 and 5.13 disprove this. Fig 5.12 
represents results taken just after those presented in Fig 5.11 but at the lower 
temperature of 500"C. At low voltages the current approaches the theoretical current. 
Sensor G2 had no wire blocking its pore and also produced higher than expected 
currents in S02 atmospheres (Fig 5.13). The most likely explanation was therefore 
considered to be electronic conductivity induced in the YSZ by the sulphur diffusing 
into it. 
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Fig. 5.10: Sensor 01 in IAl% S02 and 0.402% 02 in N2 at 750"C. ---, 
theoretical current due to reduction of 02 and 14.1% S029 10 ý 1.2pA, ac = 0.22; 
-V-, ý vs. i1c; -X-, ý vs. E.. 
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Fig. '5.1 1: Sensor'GI in 0.48% S02 and 0.407% 02 in N2 at 6000C. -- 
predicted assuming 4.8% S02 and using 561im pore, 10 0.2AA, cý = 0.2. - 
current due to reduction of 4.8% S02 only; x. 1P vs. E.. 
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Fig. 5.12: Sensor 01 in 0.48% S02 and 0.407% 02 in N2 at 500T. total 
theoretical current including contribution due to reduction of S02 using 56Am pore, 
10 1.2pA, ar = 0.22.7x-, Ip vs. E.. 
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Iwase et al 0984)'f6ýnd that ta. CaS electrode caused increased n type 
conductivity in a sample of high puri ty calcia stabilized zirconia particularly at 
temperatures below 1300"C. Mehrotra et al (1988) studied the diffusion of sulphur 
into'zirconia and concluded that the diffusion rate is 3 orders of magnitude lower 
than that of oxygen. 77he significance of this is that sulphur will enter the zirconia 
while the sensor is operated in sulphur atmospheres and continue to affect the 
performance some time afit6r the sensor is moved into sulphur free atmospheres. 
Results from sensor G2 support this idea; it continued to draw large pump currents 
after the flow of S02 was stopped (Fig. 5.13).. Also electronic conductivity seems 
to be induced by very low concentrations of S021' 
A bottle of pure S02 was connected to a flow control valve attached to the 
test rig and tests were begun on sensor 01. At first the valve was set to pass no S02 
and only thi valves connected to the air and nitrogen supplies were set to pass gas. 
Fig. '5.14 shows the resultS'under'thiS circumstance where no more than a trace of 
S02 could have been present in the atmosphere surrounding the sensor. The valve 
manufacturer'claims that the valves have a* leak, rate of less than IX10-3 MI/S Of 
helium (section 2.2.4). Since the nitrogen flow rate was 1.25 ml/s it is probable that 
the S02 cOficentration was well below 0.08%. At first the sensor passed currents 
only slightly above those expected if there had not been a trace of S02 present. At 
higher voltages the currents increased very rapidly and the gauge voltage decreased. 
The electronic conductivity induced by the S02 was much less than the ionic 
conductivity of the YSZ. The current observed in Fig. 5.10 represented about 1000Q 
while Ru was previously determined to be between 3 and 41 at 750*C. The 
instrumentation available was not capable of detecting the small change in R,, 
expected. 
Vayenas and Saltsburg (1979) and Chen and Saltsburg (1986) studied the 
S02IS03/02 system and concluded that in some circumstances the potentiometric 
response was controlled by mixed potentials and competitive adsorption of the 
different gases on the electrode surface. Mixed potentials are caused by two 
electrochemical reactions competing to determine the potential of an electrode. In 
the SOX system the above authors considered the competing reaction to be: 
S03 + 2e' + Vo 0 10 + S02* 
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They found that the open circuit electrode potentials were detennined by P02 in the 
usual way when 
pSO2 pO2" < Kft. 
ie. the cell obeyed Nernst's law. However, when 
PS02 Po24 > Kp, 
the potentials were also controlled by pSO2 and the term K., that they called the 
electrode constant (Pt electrodes). The proposed mechanism was the formation of 
II 
S03 on the electrode which adsorbed strongly and blocked adsorption sites. The 
result was a potentiometric response that indicated a lower pO2 than that present in 
the gas phase. Chen and Saltsburg found Kp, to be 1.540-3 atm312 at 600"C and 
9.140-5 atm312 at 500*C. The product PS02 P024 was 3.040-4 atM3/2 on the 
external electrodes during the tests reflected in Figs. 5.11 and 5.12. S03 formation 
was therefore expected at 500"C with the consequential reduction in oxygen potential 
and reduced E.. At 600*C no reduction in E, was expected and it did reach the 
theoretical values at the highest applied voltages. The increase in current near 
-400mV may have been due to the slow response of the electrodes. This slow 
response is illustrated by the large difference between the currents measured during 
opposing voltage sweeps shown in Fig. 5.13 (650*C). 
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Fig. 5.13: Sensor G2 in trace S02 and 5.97% 0. in N. - -, current predicted 
assuming 50% S02 and 22.3prn pore. X, IP vs. E. at 750"C; -+-, 650"C; both 
measured using cyclic voltammetry (CV) at 0.2mWs. 
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Fig. 5., 14: Sensor 01 in, tmcc S02 ýnd 0.41% 02 in N2 at 60011C. total 
theoretical current using 56pm pore, 10 =' 0.2pA, ccc 0.2. -x-, I. vs. E, -, -V-, Ip 
VS. 71C. 
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Tests were performed to. see if the sensor. could detect 02, S02 and C02 in 
a single sweep of applied voltage starting at zero potential. Fig. 5.15 illustrates one 
set of results. A hump in the current occurred when'E. was 200mV below the value 
where an increase was expected due to SO2 reduction. A large increase in current 
occurred about 200mV before theincrease expected due to C02 reduction. Previous 
results (Fig. 5.11 and 5.13) showed that at 650"C the gauge voltage could be smaller 
than, expected. Since the magnitude of the observed steps in Fig. 5.15 was similar 
to that expected for each gas it was concluded. that this device could be developed 
to determine all 3 gases. 
An interesting feature on the return voltage sweep was that the current on the 
internal pump electrode changed from being cathodic to anodic while the gauge and 
pump voltages still indicated reducing conditions. Since this transition occurred at 
the gauge voltage where it was suspected that S02 reduction began it must be 
assumed that it was due to the re-oxidation of the sulphur within the sensor. 
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Fig. 5.15: -. Sensor G2 in 0.98% S02,78.8% C02 and 4.22% 02 in N2 at 659*C. 
predicted current due to C02 reduction vs. E predicted current due to 
reduction of S02; total theoretical current using 22pm pore, 10 = IgA, ac 
0.2 and assuming 9.8% S02- -x-, ý vs. E. measured using CV at 0.2mV/s. 
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Sensors GI and G2 both failed after' brief usage in S02/02/N2 M'XIUreS. 
Sensor 02 failed because the pump electrodes developed a very high resistance after 
6 days. It was suspected that the sulphur produced by the reducing conditions within 
the sensor reacted with the platinum electrodes (Pt +S PtST) as postulated by 
Steele et al (1981) and Whelan and Borbidge (1988). , 
Sensor GI cracked during its 9th day of operation in S02 atmospheres 
probably because while testing in 4.6% S02 at 750T the pump current oscillated 
with currents exceeding +100 and 400mA. The positive excursions of the current 
may have created large pressures within the 'Sensor. Oscillations also occurred in 
CO-containing atmospheres and are discussed again in the next section. 
5.4) Tests in COIC02to-21N2. mixtures. 
In CO/CO2/02, /N2 mixtures at low temperature (below 500"C) the current on 
the internal pumping electrode remained cathodic even when the electrode was 
positive relative to the external electrode. Fig. 5.16 shows that the effect was more 
prominent when there was more 02 in the initial feed gas than CO. When the 02 
concentration was lower there was not such a clear plateau in the current but a gauge 
voltage of just over +250mV was required before oxygen could be pumped into the 
sensor in both cases. A negative current meant that oxygen was flowing from the 
internal to the external electrode. This was the case when E. was zero. The 
probable explanation is as follows. CO is strongly adsorbed onto the platinum and 
dominates the adsorption sites on the external electrode. Free oxygen is also 
adsorbed but not as strongly and reacts with the CO before its concentration on the 
surface approaches that of the CO. However, the diffusion pore limits the rate at 
which CO can reach the internal electrode. The rate of reaction of CO and 02 on 
this electrode at 450"C is obviously great enough to consume all the CO. In both 
cases presented in Fig. 5.16 there was a stoichiometric excess of 02. Since CO and 
02 have similar diffusion coefficients there was sufficient 02 inside the sensor to 
oxidise all the CO. The excess oxygen' is reduced at the internal electrode to supply 
the external electrode that cannot get enough by adsorption because the CO is 
blocking the sites. I 
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To stop the current flowing a potential had to'be applied. This potential is 
directly related to the anomalous emf studied by Okamoto et al (1981). They found 
that the anomalous emf decreased with increased temperature and that phenomena 
was mirrored in this work (Fig. 5.17). 
In both sweeps shown in Fig. 5.16 the current started to rise rapidly just 
before E. reached -6OOmV. Most probably, this was due to C02 reduction which 
only, starts at a potential of -9OOmV relative to air. The ' 
external gauge electrode 
musýt'therefore have had an oxygen poten'tial'approaching -300mV relative to air. 
This conforms with the above theory that strong CO adsorption on the external 
electrodes causes an anomalous depletion of oxygen adsorbed on them. With 
increased temperature the difference between the adsorption energies of CO and 02 
on platinum decreases and the anomalous emf also decreases. 
When E. was in the range -600 to -700mV (Fig. 5.16) the current oscillated. 
Okamoto also observed oscillations when the CO concentration was high which it 
wo uld have been w. hen was'-6OOmV. 'Oscillat 
,i, ons in COI . C92 systems have been 
widely studied. Eiswirth et al (1990) proposed that they are caused by nonlinear 
dynamics in the rate of reaction. They support the conclusion by Matsushima (1978) 
that CO oxidation on Pt proceeds via the Langmuir-Hinshelwood mechanism: ie. 
Coads + Oads -+ C02. It has been observed that the surface of the Pt undergoes a 
facetting process during CO oxidation which increases the reaction rate (Sander and 
Imbihl (1991)). Similar phenomenon may, have'. caused the oscillations observed 
during S02 reduction (previous section). 
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Fig. 5.16: Sensor G2 in 0.38% CO, 02, and N2 at 450"C. -, I. vs. E. in 
0.65% 02; V and A, I vs. E. in 0.33% 02, measured using CV mode at O. ImWs. p 
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Fig. 5.17: Sensor G2 at 700*C. I vs. E in 0.052% CO and 0.36% 
02*1 
-X-9 pa 
Ip vs. E,, in 0.38% CO and 0.33% 02* 
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5.5) Tests with nitric oxide 
Large quantities of NO., are produced by numerous combustion processes but 
the concentration, even in the stack gas, is never very high. The main requirement 
for NO. sensors is therefore for devices that can detect 1000 ppm and less. NO 
comprises 98% of the NO. produced by petrol engines (Gur and Huggins (1979)) so 
the available supply of 100pprn NO in N2 was used exclusively in this work. 
The oxygen concentration of the test gases had to be kept low to allow the 
current due to NO reduction to be distinguished from those due to oxygen reduction 
and electrochemical leakage. Fig. '5.18 sho ws a set of results compared to the 
theoretical currents with and without the contribution due to NO reduction. If 
eqn(Al. 21) for full NO reduction (NO + 2e- ---+ %N2 + 02-) was used it predicted 
complete reaction at relatively large oxygen partial pressures. The results in Figs. 
5.18 to 5.20 show that this did not occur. If eqn (Al. 28) for partial reduction was 
used it still predicted reduction at oxygen pressures higher than those observed but 
the agreement with experiment was closer. It was therefore assumed that the reaction 
mechanism included the formation of N20 as an intermediate product. Pancharatnam 
et al (1975) also concluded this. It is suspected that N20 was formed first by 
electrochemical reduction and it then immediately decomposed at the temperatures 
used for testing the sensors. The decomposition was either electrochemical or the 
oxygen released chemically was reduced electrochemically. Usui et al (1989a) tested 
a similar sensor in N20 atmospheres and found that their sensor passed a current that 
was close to that predicted if complete reduction of N20 occurred. Without a gauge 
cell they were unable to tell at what internal oxygen partial pressure reduction began 
or was completed. The thermodynamic data (Fig. 1.10) also predicts that N20 Will 
be extremely unstable. 
To calculate the currents due to NO reduction in this work eqn (Al. 28) for 
partial NO reduction was used but an additional electron was transferred because of 
the immediate decomposition of the N20. 
At higher temperatures electrochemical leakage becomes much more 
significant and the results do not agree as well with theory. However, an interesting 
feature becomes more evident. It is the remarkable stability of the gauge voltage 
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reading at a value near -200mV while the overvoltage on the internal pumping 
electrode experiences more than an order of magnitude increase. This demonstrates 
that NO is not reduced until P02 is reduced to a critical level. This conforms with 
several studies of the catalytic reduction of NO that have shown that the rate is 
inversely proportional to P02; in essence the oxygen poisons the ability of platinum 
to reduce NO. (Gur and Huggins (1979), Pancharatdam et al (1975), and Gessner et 
al (1988)). 
Tests were not performed on single discs in NO/N2/02 mixtures but they were 
performed in CO/CO2/N2 mixtures (section 3.3.2). The results in this section showed 
that a., decreased as pCO increased and then a, . increased markedly as pCO increased 
beyond a certain level. It is possible that the peak in il, was caused by a similar 
phenomenon in the NOIN2102 system. 
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Fig. 5.18: Sensor GI in 0.01%NO and 0.139%02 in N2 at 500"C. ---, current 
predicted using Op 52.51im, 10 = 20nA ac = 0.15; - -, predicted without 
contribution from NO; -, current due to NO only. x, ý vs. E, -, v, lp vs. Tic. 
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Fig. 5.19: Sensor GI in 0.01%NO and 0.139%02 in N2 at 600'C. current 
predicted using Op = 53gm, 1ý = 100nA ac 0.15; -, due to NO onlY. X, I vs. 
E.; v, I vs. il,. 
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Fig. 5.20: As Fig. 5.19 but at 700*C. Symbols as Fig. 5.19 except 10 = 20nA 
and ac = 0.25. 
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Extensive tests were done with sensor'G2 in NO mixtures and Figs 5.21 and 
5.22 illustrate a few of the results. The peak in 71, is still evident but is smaller than 
in 01. The width of the peak (along the current axis) is of the same magnitude as 
that expected due to NO reduction. There is some evidence of a small step in 
current as a function of gauge voltage in Fig. 5.22 but the stability of E. during this 
step seen on sensor GI is not apparent on sensor G2. The difference was believed 
to be due to the platinum wire blocking the pore of GI. At the entrance to the pore 
where the oxygen partial pressure was relatively high, the platinum would have 
catalysed the oxidation of the nitrogen. NO. compounds would therefore enter the 
sensor even if they had not originally been present in the gas supplied to the sensor. 
This would explain why a peak in il, was observed in nearly all sets of results from 
sensor GI while in sensor G2 it was usually observed when NO was in the gas 
I supplied to the sensor and the oxygen partial pressure was low. Fig. 5.23 is one 
exception. The theoretical current with and without the contribution due to partial 
C02 reduction are plotted, ' but' the latter is onlY just visible at the point where the 
current increases sharply. The results suggest that a small amount of NO may have 
been formed on the external electrodes and diffused to the pore entrance. 
i 
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Fig. 5.21: Sensor 02 in 0.01 % NO and 1 *90% 02 in N2 at 500"C. current 
predicted using 0.22.1pm pore, I0 = lOnA a,, = 0.15; -, current due to NO 
reduction only. x, vs. E.; -v-, I vs. 
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Fig. 5.22: Sensor G2 in 0.01% NO and 0.021% 02 in N2 at 450"C. ---, current 
predicted using OP = 22.1pm pore, 10 = 0.2nA ac = 0.3; -, current due to NO 
reduction only vs. E.. X, 1P vs. E.; -v-, I vs. i1c. 
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Fig. 5.23: Sensor G2 in 2.31 % C02 and 1.86% 02 in N2 at 500*C. ---, current 
predicted using OP = 22.2pm pore, To = 8aA cEc = 0.22; -, predicted without 
current due to C02 reduction vs. E.. x, lp vs. E.; -, YL-, I vs. i1c. 
The gauge voltage reading where the sharp step in current occurred was 
recorded at a range of temperatures and external oxygen partial pressures using 
sensor GI. Note that NO was not added to,, the feed gas. A test was done to 
determine if the temperature dependence of the step voltage correlated with the 
thermodynamic stability of the reaction: 
NO "-z=t _N20 
+ 1402' 
Table 5.1 shows the results. It was assumed that the N2, NO and 02 were in 
equilibrium at the pore entrance outside the sensor., Eqn(Al. 28) was then used to 
determine the percentage of the NO that would be reduced by the sensor at the gauge 
voltage. where the step occurred. Table 5.1 shows this theoretical percentage NO 
reduction as a function of temperature and surrounding oxygen concentration (balance 
N2). 
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Table 5.1 
Gauge voltage at which step increase in current occurred and 
theoretical percentage reduction in pNO at that voltage. 
) Tempe 
rature 
Air 5.25%02 0.41%02 
0C Eg 
/MV 
Theoretical 
% pNO 
reduction 
Eg 
/MV 
Theoretical 
% pNO 
reduction 
Es 
/Mv 
Theoretical 
% pNO 
reduction 
750 285 73 260 59 233 25 
700 259 70 254 59 236 31 
650 249 72 247 62 235 36 
600 232 71 238 64 231 42 
550 215 71 - 226 66 228 47 
IE 
191 67 1 212 67 , 222 52 
1 
An extensive search of the Gibbs free energy tables in Barin (1989) did not 
reveal any other reaction (in the solid or gaseous phase) that matched the observed 
trend in stability. Fig. 1.10 shows the results of converting some of this data to 
oxygen potentials. 7bis result helps confirm that it was indeed partial NO reduction, 
that caused the step in current and the peak in T4. Table 5.1 shows that the 
correlation was not as good when P02 was low. The most likely explanation is that 
a very low NO concentration was produced by the platinum at the pore entrance and 
this small amount of NO was easily reduced inside the sensor. 
Tests were performed to see if sensor G2 could be used to detect three gases: 
02, NO and C02: Fig. 5.24 shows one set of results. ý, 7le pump currents after the 
addition of CO. to the gas mixture were larger, but the increase was small and the 
gauge voltage did not reach potentials where significant C02 reduction was expected 
to occur. These disappointing results could have been due to the low operating 
temperature. 
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Fig. 5.24: Sensor G2 at 450*C. x, 0.0 1% NO and 0.0 1% 02 in N2; +0 0-0 1% 
NO, 0.77% C02 and 0.01% 02 in N2. ---. current predicted using Op = 22[Lm pore 
(two curves, one for NO reduction only and one for C02 reduction). -, current 
due to 02 reduction only. X, 1P vs. E.; +, I vs. i1c. 
5.6 Conclusions 
The theory for the reduction of several oxygen-containing gases in a pump- 
gauge sensor was derived using thermodynamic relations. The pump current 
predicted by these equations was then compared to experimental results. It was 
found that the sensors did not behave exactly as predicted, but this may have been 
mostly due to electrochemical leakage. 
In NO/02/N2 mixtures the NO was reduced over a smaller range of P02 
values than predicted. In CO)O2/N2 Mixtures 11, increased to the extent that the C02 
could not be reduced before sernipermeability of the YSZ became a problem. Large 
leakage currents also masked the expected increase in IP due to C02 reduction. An 
interesting dip in IP was sometimes observed in these mixtures. It was postulated 
that this was due to disproportionation of CO that had built up in the sensor followed 
I 
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by rapid combustion of the carbon that formed. In CO/02/N2 mixtures an anomalous 
voltage effect was observed. It was suspected that the diffusion barrier had a similar 
effect to the catalyst layer of the anomalous CO sensor of Okamoto et al (1980). It 
was suspected that S02 caused electronic conductivity in the YSZ. Corrosion of the 
platinum electrodes by NO and S02 was shown to be a problem. 
Tests were performed to see if the sensors could detect three gases within a 
mixture: 02, NO and C02, in N2 and 02, S02 and C02 in N2 mixtures were tested. 
The results were not conclusive but it was believed that a sufficiently developed 
sensor could determine all three gases in the above mixtures simultaneoulsy. 
L", 
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Chapter 6 
Advanced sensors: considerations 
6.1 Sensor durability 
Sensor GI was used continuously for more than 3 months in a wide range of 
gases at temperatures between 350*C and 750T. Figs. 6.1 -3 are a direct 
comparison of its performance at different ages. Fig. 4.14 illustrates its Performance 
in air at 500"C when 5 days old. Fig. 6.1 illustrates the results from the same sensor 
except that it had nearly 5 weeks of use and 0.4% of C02 was added to the air. The 
difference between the predicted and measured current multiplied by 10 (represented 
by 13 and plotted on both figures) showed that the current characteristics hardly 
changed. The overvoltages (represented by v) decreased with age if anything. 
Fig. 6.2 illustrates the results at an age of 7 weeks. The overvoltage on the 
internal pumping electrode increased to the extent that it prevented the sensor 
achieving a limiting current plateau at 500"C; therefore Fig. 6.2 presents data 
measured at 600*C. Fig. 4.13 shows the results in air at 600"C when 5 days old for 
comparison. The pore diameter required to model the data increased from 49.8pm 
to 54.2prn and the exchange coefficient ((x, ) modelling the leakage increased from 
0.07 to 0.14. The only difference between the first 5 weeks of use (Fig. 6.1) and the 
last 2 weeks (Fig 6.2) is that the sensor was used in nitric oxide containing 
atmospheres for 5 days during the last 2 weeks. 
Fig. 6.3 shows the results 
. 
after a further 2 weeks of operation in NO- 
containing gases. The effective pore diameter increased to 55.6pm, the overvoltages 
increased again and the leakage current had also increased (modelled by an 10 of 
0.6gA instead of 0.4gA). 
.0 
-. 1 
I 
-. 4 
-. 5 
0 13 13 13 i5p 
: mig -x -x it w-x------v- 
179 
-1200 -1000 -800 -600 400 -200 0 
Voltage /mV 
Fig. 6.1: Response of sensor GI in air'at 500"C when aged 5 weeks. x, 
measured Ip Vs. ES; ---, theoretical current vs. E., OP = 49.8g, 10 = 0.611A, 
ce, = 0.07. -V-, overvoltage on internal pumping electrode; E3, error x 10. 
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Fig. 6.2: Sensor GI aged 7 weeks in air at 600T. x, measured lp vs. E.; --- 
,, theoretical current vs. E., Op = 54.211,10 = 0.4gA, cc, = 0.14. -V-, Ip vs. Tic. 
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As Fig. 6.2 but sensor aged 3 months. Op = 55.2p, 10 = 0.6pA, ac 
Extrapolating from the results for 5 days and 5 weeks indicates that the sensor 
should have had a lifetime of many years. It therefore seems likely that the 
deterioration was caused by the low NO concentrations (. 01% and less) used before 
the final 2 tests (Figs. 6.2 and 6.3). The NO probably reacted with the platinum 
causing the electrode activity to decrease. It could have also reacted with the 
platinum wire blocking the diffusion pore which would explain the increased limiting 
current. 
6.2) Responsefates 
Fig. 6.4 shows the results of two cyclic voltammetry (CV) scans on sensor 
G2 at 700*C in air. The slow scan at O. ImV/s showed little difference between the 
forward and reverse sweeps at gauge voltages less than -800mV. At greater values 
where trace impurities of C02 and H20 are expected to be reduced there is a greater 
difference between the sweeps. The fast scan (lOmV/s) shows a large difference 
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between the sweeps. The difference between fast and slow scans is more evident in 
Fig. 6.5 which reflects results measured at 5500C. At O. ImV/s the CV scan 
corresponds closely with the theoretical curve but at 10mV/s there is a large 
difference. The peak at -80mV is presumably due to the reduction of oxygen 
adsorbed on the platinum electrodes. The peak was an order of magnitude smaller 
than the peak observed when using silver electrodes (Fig. 4.8). 
The results in Fig. 6.6 demonstrate that even I mV/s was too fast -a scan to 
achieve close agreement with theoretical curve. Therefore if a multi-gas sensor were 
to operate by scanning the pumping or gauge voltage it would have to scan at less 
than approximately 0.2mV/s. That would take more than 14 hours to scan I OOOmV. 
This very slow response is probably due to the capacitive nature of the electrodes. 
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Fig. 6A CV scan on sensor G2 in air at 700*C. x, lOmV/s; -+-, O. ImWs; 
theoretical current, Op 2_2. Ogm, 10 = 3gA, ctc = 0.22. 
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Fig. 6.5: CV scan on sensor 02 in air at 550"C. ' _x-, lOmWs; +, O. ImV/s; 
-,, theoretical current, Op=22.1g, 10=0.5pAs-occ =0.09. 
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Fig. 6.6: CV scan on sensor G2 in air at 550', 'C. As Fig. 6.5 but only scan 
shown was at ImV/s. 
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6.3)ý, Zirconia multi-gas sensor,, 
6.3.1 Operating modes' 
In theory, scanning the pumping voltage of a solid electrolyte pump-gauge 
sensor in a complex gas mixture would produce a series of plateaus in the pumping 
current. At a gauge voltage of about -150mV only free oxygen would be reduced. 
At -25OmV NO would also be reduced. At -800mV S02 would be reduced and at 
'900MV C02 would be partially reduced. Therefore all the above gases could be 
determined quantitatively and qualitatively. A number of problems need to be solved 
before such a sensor could be built. 
If a C02 sensor were to be operated in ý such a way that it reduced C02 to 
carbo I n, then the carbon would build up within the sensor. The carbon would have 
to be oxidized'out periodically. This would add significant complication to the 
sensor's control system and electrochemical oxidation (reverse pumping) would have 
to be'done with care' to avoid creating large'pressures within the sensor. An 
alternative would be to operate so that only partial reduction to CO was achieved. 
A sensor control unit that, used the gauge voltage to ensure that a fixed 
proportion of the C02 (eg. 30%) was reduced to CO could be used. The current due 
to C02 reduction would be small but this would not be a problem if the 
electrochemical. leakagecurrent was also small. 'The gauge cell would also require 
accurate calibration to ensure that the percentage C02 reduction was accurately 
known. 
, 
presents a major problem. As Fig. 1.10 Sensing H20 in the presence of C02 
illustrates, there is no way of reducing H20 without also reducing C02 to carbon. 
The intermittent mode of operation mentioned above would therefore have to be 
used. Fig. 1.10 also shows that the potentials at which C02 and H20 are reduced 
are very similar (Dietz (1982)). Very careful interpretation of high quality results 
would be required to distinguish between the two. Such results could probably only 
be obtained by slowly increasing the gauge voltage over the appropriate voltage 
range. 7bis would mean that it would take hours to perform an analysis. 
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For detecting oxygen-containing gases other than H20 there is another 
possible mode of operation that could increase the detection rate. Ilat would be to 
operate a number of matched sensors at different gauge potentials. For instance an 
array of sensors could be used with the gauge potentials set to the values suggested 
at the beginning of this section. By- calibrating the array each gas could be 
determined simultaneously. Also the, capacitance, of the electrodes would be 
eliminated from the response time of the indidual sensors. The array could therefore 
probably achieve a response time in the order of a second. 
6.3.2 Electrodes 
,-,. The electrodes for a multi-gas sensor require a high activity if they are to 
reduce gases such as C02 fully. They also require strong resistance to corrosion as 
the results in section 5.4 illustrated., 7 
-There are numerous materials that could be tested as possible electrode 
materials. Silver showed promise because it produced high current densities and it 
adhered well to zirconia. However, it adsorbs large amounts of oxygen and has a 
low melting point. 
Gold electrodes could improve corrosion resistance but their poor adherance 
to zirconia is a problem. Current densities also tend to be low. 
6.3.3 Limiting electrochemical leakage 
As discussed above, electrochemical leakage needs to be reduced to a very 
low level if a sensor is to be able to distinguish between widely different 
concentrations of different gases. Most practical applications will fall into this 
category. Reducing electrochemical leakage is therefore a high priority for 
developing a multi-gas pump-gauge sensor. 
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6.4) Prol2osed lean bum sensor 
It was shown in section 3.4 that when the current through a zirconia cell was 
above a certain level (dependent upon the exchange current of the electrodes) the 
cathodic overvoltage was significantly larger than the anodic overvoltage. Section 
3.4 applied to O2/N2 mixtures. In* section 3.5 it was shown that the difference was 
smaller in CO/C02 mixtures. This feature could be used to make an oxygen sensor 
for combustion products capable of an unambiguous reading in, rich- and lean-bum 
conditions. This problem was discussed in section 1.4.1. 
Decreasing the length of the 3-phase boundary of the anode, and thus 
increasing the overvoltage on it, would have very little effect on the performance of 
an amperometric sensor used in excess-air conditions. On the other hand such a 
change should greatly decrease the current, for a similar applied pump voltage, when 
operating in the fuel-rich region. Additional benefit would also result by lowering 
the operating temperature. 
Thus these modifications should result in a sensor showing a linear current 
vs. oxygen partial pressure characteristic in the excess-air region and a current close 
to zero through the fuel-rich region. The activity of the anode could be'reduced by 
simply making it smaller. Altematively, 'a porous layer could be'used that would 
have the dual purpose of protecting. th6 electrode as well as reducing its activity. 
Another possibility would be'to use different materials for the cathode and anode. 
The anode material would need a high activity in high pO2 atmospheres and a low 
activity in low pO2 atmospheres. 
I 
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Chapter 7 
Conclusions 
7.1) 'The fundamental 0, sensor 
As a foundation for later work on extending the technology of the zirconia 
amperometric oxygen sensor to other gases, its performance in 02/N2 mixtures was 
studied first. A thorough understanding of the operating principles was obtained 
from a study of the literature and an analysis of the results from a unique 5 electrode 
sensor. -l" - 
Electrolyte resistance. 
The electrolyte resistance was measured and shown to be a minor factor 
limiting the performance of zirconia amperometric sensors. The resistance of the 
electrolyte could be predicted more accurately than that of the electrodes so attention 
was directed to the latter. 7be onset of electronic conductivity limited the voltage 
. 
that could be applied to the YSZ sensors. 
7.1.2 Electrode, overvoltages 
The overvoltages on the internal pumping electrodes of amperometric sensors 
were shown to be relatively ý large under some circumstances. For instance their 
magnitude was a factor in determining the minimum operating temperature of the 
sensors. Also, large overvoltages prevented the complete reduction of C02 in the 
pump-gauge sensors. Attention. was therefore given to the mechanisms by which 
overvoltages formed. 
Study of the literature revealed that several steps where probably significant. 
At low oxygen concentrations the dissociative adsorption of oxygen and diffusion of 
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the adsorbed oxygen atoms on the electrode surface were probably. controlling. 
Evidence for this was plateaus in the cathodic current which were also observed in 
this work. The absence of current plateaus in the anodic regime helped confmn this 
idea. 
At higher 02 concentrations electrochemical reaction of adsorbed oxygen 
atoms at the three phase boundary (T? B) was believed to be controlling. Evidence 
for this was a pO2"" dependence of electrode resistances on oxygen partial pressure: 
also observed under some circumstances in this work. 
At high overvoltages the increased electronic conductivity of the zirconia, was 
believed to increase the effective width of the 7? B. Evidence for this was an 
increase in current at high applied voltajes'ab'ove that expected if the previous two 
mechanisms were controlling. 
A mathmatical model that incorporated all the above rate limiting mechanisms 
was not found. The Buder-Volmer equation was therefore used as a first 
approximation for modelling 'electrode current-voltage characteristics. 
7.1.3 1 vs. E characteristics of amperometric sensors 
The fundamental equations governing the, behaviour of amperometric sensors 
were derived and tested. It was found that the experimental behaviour could be 
accurately modelled using eqn(4.1) in combination with 
_compensation 
for 
electrochemical leakage. Oxygen concentrations could be determined with better than 
1% accuracy for concentrations between 0.4 and 21%. BX reducing the temperature 
to minimize electrochemical leakage, greater accuracy was achieved. However, 
response speed decreased and the gauge cell deviated increasingly from the Nernst 
equation as the temperature was decreased below 500*C. 
Electrochemical leakage caused non-ideal behaviour of the sensors and was 
an extremely complicated function of the operating conditions. It was therefore not 
possible to accurately account for it. Cýnsequently, attention was given to its source 
and its minimization. It was shown to be governed mainly by the resistance of the 
small electrode (called the ET? B) formed where the electronic contact to the internal 
electrodes exited the sensor body. Covering the ETPB with glass was shown to help 
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but not to eliminate th6 problem. Glass-sealed sensors suffered less leakage than the 
metal-sealed sensors even when glass was used to cover the external surface of the 
metal. More work on methods for sealing sensors was required. 
7-2) New sensors 
7.2.1 Lean-bum sensor 
Based on the results on single electrodes, a design for a lean-bum sensor was 
proposed. In 02/N2 mixtures where the oxygen activity was high, the anodic 
overvoltage was shown to be much lower than the cathodic overvoltage for the same 
magnitude of anodic or cathodic current respectively. In CO/CO2/N2 mixtures where 
the oxygen activity was low the difference was much less. Therefore, by making the 
anodic overvoltage dominant, an approximate distinction could be made between the 
two types of gas mixture. 
The proposed design consisted of a standard amperometric sensor with an 
active internal pumping electrode and an external pumping electrode (operated 
anodically) with a much lower activity. The activity of the anode would be set so 
that it could pass sufficient current for normal operation in fuel-lean conditions. In 
fuel-rich conditions where its conductance would be much lower it would only allow 
a small current to pass. The sensor would therefore pass a current proportional to 
oxygen concentration in lean-bum conditions and a much smaller current in rich-bum 
conditions. The size of this current would be strongly dependent on operating 
temperature. 
7.2.2 Multi-gas sensor 
The operating principle of the,. mul, ti-gas sensor was tested in C02/ 
I 
02/N29 
NO/02/N2 and S02/02/N2 gas mixtures. The multi-gas sensor showed great promise 
as a nitric oxide detector. It was found that the NO was reduced over a very narrow 
band of gauge voltages. Coffosion of the platinum electrodes was shown to be a 
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problem. Also, to measure the low, NO-- concentrations that most practical 
applications would require, a sensor with very little electrochemical leakage would 
be required. 
High overvoltages hindered its operation as a multi-gas sensor, particularly 
II "', I- 
for C02 sensing. An insight into why this occurred was seen in chapter 3 where it 
was shown that the activity of Pt electrodes was lower in CO/CO2 atmospheres. 
Silver and gold electrodes showed the same trend., 
Thp consequence of the high overvoltages in CO/CO2 mixtures was that C02 
could not be completely reduced before electronic conductivity caused a large 
increase in current. Therefore no current plateau with a magnitude proportional to 
-C02 
concentration was seen. Attempts were made to increase the activity of the 
internal pumping electrode relative to the size of the diffusion pore but progress 
sufficient to produce a plateau was not made. However, if complete reduction of 
, 
C02 were to be achieved, carbon would be deposited inside the sensor and would 
have to be periodically removed. It was therefore proposed that partial reduction of 
C02 to CO would be a preferable operating mode. The gauge cell could be used to 
determine the proportion of the CO. that was reduced. 
Interesting results were obtained in CO/02/N2 mixtures at temperatures below 
500T. It was postulated that a mixed potential Oeveloped on the external platinum 
electrodes, but that the diffusion hole their development on the internal 
electrodes. 
Zirconia was found to become conducting in the presence of 
sulphur dioxide which created doubts about its possible use as an electrolyte for an 
amperometric S02 or S03 sensor. The platinum electrodes were also corroded by the 
S02. However, results obtained before these two problems rendered the sensors 
useless showed that S02 could, be detected with a polarographic sensor. 
It was therefore demonstrated that the principle of the multi-gas sensor was 
sound but more work needed to be done to reduce electrochemical leakage, to 
improve corrosion resistance, and to reduce the affects of sulphur on the electrolyte. 
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7-3) The comouter controlled anvaratu 
A computer controlled apparatus was built. It controlled the furnace and the 
gas flow control valves, but most, importantly ý it,, controlled an auto-ranging 
potentiostat/galvanostat. 7be apparatus was 
I 
built to perform a number of 
electrochemical tests such as cyclic voltarnmetry and current interruption. Since the 
computer controlled all experimental variables it could be set to run unattended for 
weeks or months if necessary. It was also demonstrated that it could produce a wide 
range of accurate data with the minimum delay. 
Building the computer controlled apparatus and writing the program to operate 
it involved a considerable investment in time. Having built the system it is now 
available for future use, allowing a large saving of experimental effort. However, 
there are useful modifications that could be made which are discussed in the next 
chapter. 
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Chapter 8 
Recommendations 
"Let us not be caterpillars debating 
the impossibility offlight" 
Michael Sky 
8.1) Testing of vrovosed sensors 
Lean-bum sensor 
Lean-bum combustion with a very tightly controlled air to fuel ratio keeps air 
pollution to a minimum. The'sensor designs proposed above should be tested in the 
flue of an experimental burner or in the exhaust of petrol engines. Facilities for 
doing this were not fully operational during the experimental phase of this work. 
8.1.2 NOx sensor 
Tests need to be performed in a wider range of NO concentrations than those 
tested in this work to see how closely the sensor approaches theoretical performance. 
Also the corrosion of the platinum electrodes needs to be'investigated more and 
alternative NOX resistant materials found. Tests should also be done with N02 and 
possible other NOx gases. ' 
It would be interesting to build another sensor with a platinum wire blocking 
its diffusion pore and to test it in argon/oxygen mixtures to see if the spike in 71c 
attributed to NO disappears. 
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8.2) Design ideas for multi-gas sensors 
8.2.1 Reducin'g 'overvoltages 
The high overvoltages on the internal pumping electrode of the sensors tested 
prevented them from fully reducing C02- This means that a clear plateau 
representative of the C02 concentration was not observed. Therefore, methods for 
reducing the overvoltage (increasing electrode activity) are desired. 
One idea is to use alternative electrode materials besides noble metals and 
noble metal cermets. Promising materials are RuO2 (Periaswami et al (1988)) and 
perovskites. ' Many of these materials would be reduced at high pumping voltages 
which would add to the difficulty of finding suitable ones. For instance RuO2 would 
be reduced to metal at -36OmV at 1000K. 
The resistance'of metal electrodes can be reduced considerably by applying 
a large anodic current for short durations (Karpachev and Filgaev (1966)). However, 
the application of large anodic I cu ffents, even 'for short periods, to the internal 
electrodes of a sensor could cause a catastrophic build up of pressure within the 
sensor. Tbis- could be overcome by passing a cathodic current of similar magnitude 
simultaneously through the second internal electrode. - 
8.2.2 Inioroved electrolytes 
The choice of ceramic for multi-gas sensors is important to minimize 
sernipermeability and maximize reliability. If YSZ is used, its conductivity can be 
optimized by ensuring that the A1203 content is considerably higher that the SiO2 
content (Drennan and Badwal (1988)). 
Tapes made by viscous plastic processing are easy to shape and can produce 
good quality ceramic. High purity powder with small particle size should be used 
and the ceramic cooled rapidly in air after sintering. 
A possible electrolyte is CaZrO3 which is shown in Fig. 1.10 to be more 
resistant to reduction than YSZ. Wang et al (1988)) reports that it is a generally 
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promising electrolyte with a good ionic conductivity. 
Another economical alternative is mullite which Nagatani et al (1992) found 
to have pe of 10-83 atm 02 at lOOOK as opposed to 9%MgO-ZrO2 with 10-48atm. Its 
ionic conductivity is also lower so its use would be limited to high temperature 
applications, or to amperometric sensors with fine diffusion pores. 
8.2.3 Hennetic seal 
Another problem with constructing a cell was the formation of a good seal 
in the sensor. The sensor illustrated by Liaw and Weppner (1991) was made so that 
there was no three phase contact between the glass seal, the internal electrode and 
its lead and the zirconia. Their cell design has the disadvantage of being difficult to 
make with a small intemal volume. 
An idea from Van Wijngaarden et al (1988) was to sinter a slip cast block of 
alumina around the parts to be sealed together. Alumina is more resistant to 
reduction than zirconia (Kumar and Fray, (1993)) but it has a larger coefficient of 
expansion. Van Wijngaarden et al pointed out that the dimensions of the seal had 
to be carefully controlled before sintering. _ 
An approach presently being pursued in the department is to use zirconia to 
seal the zirconia discs together., If the internal pump electrode and the internal gauge 
electrode were electronically connected there would then be an electronic and an 
ionic connection between them. The, gauge electrode would therefore become part 
of, the pump electrode with the, oxygen, ions flowing through the seal from the gauge 
electrode to the external pump electrode. This would increase'the area of the internal 
pumping electrode and thereby reduce the overvoltage, on it. However, the gauge 
electrode would then have an oyervoltage, on it. Agrawal et, al (1974) studied an 
equiValentl tubular, system with two internal ' electrodes and 
two external electrodes. 
They. found an instant increase in, the gaup yoltage if the two internal electrodes 
were electronically connected. Therefore, the sensor would need two separate leads 
to its internal electrodes in order to be used as a pump-gauge. An interesting 
advantage of the all zirconia pump-gauge would be that the internal gauge electrode 
would act as a reference electrode to the internal pumping electrode. It would be 
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interesting to compare the results obtained for the overvoltage of the pumping 
electrode using this system against the system reported above where the reference 
electrode was outside. 
8.2.4 Gas diffusion coefficients 
If a pump-gauge device could be built with. insignificant electrochemical i 
leakage its accuracy for oxygen determination would be limited by the accuracy of 
the ammeter measuring - the pump current. - If the -, 
diffusion pore size could be 
calibrated to equal accuracy the device could be used to accurately determine gas 
diffusion coefficients. 
8.2.5 Low temperature operation 
At high temperatures the overvoltages on the pumping electrodes are 
relatively low (chapter 4). 7be largest contribution to the total pumping voltage 
therefore comes from the Nernst voltage as measured by the gauge cell. At lower 
temperatures the overvoltages on the pumping electrode become more dominant. If 
these overvoltages could be predicted, it would enable the low temperature operating 
limit of the sensor, as an oxygen gauge; to be. calculated. Hetrick (1982) showed 
that the current is still proportional to the oxygen concentration if the gauge voltage 
is set at a fixed but low value. For, instance if the gauge voltage were set to 20mV, 
the current drawn for a given oxygen concentration would decrease and the minimum 
operating temperature could therefore also be decreased. However, such a scheme 
would, require the use of electrodes with better low temperature response rates and 
compliance with the Nernst law than platinum electrodes. Several possibilities are 
available: eg. Badwal et al (1984) found that USc94 could be used down to 300"C, 
and Periaswami et al (1988) found that RuO2, electrodes obeyed the Nernst law down 
to 2250C. 
- 
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8.3), Other sensor mechanisms--,,, 
The anomalous emf CO sensor (section 1.4.3) has not been commercially 
successful, possibly because of interference'fr6m a number of other gases (Kudo and 
Fueki (1990)). However, the idea deserves more investigation as does the whole 
topic of mixed potentials. The possiblity of using'a 'diffusion pore instead of a 
catalyst layer to remove the mixed potential from one electrode also deserves more 
investigation. Using a diffusion barrier could reveal more information about the gas 
mixture (such as 02 concentration) than a catalyst layer could. 
The use of sensor arrays (sometimes modelled on the nose) to overcome the 
problem of cross-sensitivity has attracted attention recently (de Agapito et al (1993)). 
An array of mixed voltage sensors could be built using a range of electrode materials 
and/or operating temperatures. 
8.4) Experimental apparatus 
Computer interface. card,. 
To keep the costs to a minimum a number of compromises were made while 
building the computer-controlled apparatus. Firstly, only one interface card was used 
forthe input signals. 7be ideal solution would be to use two cards. Anaccurateone 
(at least 14 bit) is needed for accurate reading of the furnace's thermocouple. A fast 
one is needed for the currcnt-interruption measurements. 'The two card solution is 
more economical since cards that are both accurate and fast are difficult to find and 
very expensive. Determining the IR drop with an oscilloscope is labour intensive and 
the 8 bit resolution of most available digital instruments limits the accuracy. IR drop 
determination 
'with 
the program written for this work was very easy but the O. ImS 
minimum sample time of the card in use limited the accuracy of these measurements. 
Better results would be obtained with a 12 bit card capable of sampling in less than 
logs. Such a card would enable a more accurate study of the changes in electrode 
resistance due to changing oxygen partial pressure, and to electronic conduction of, 
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the electrolyte near the three phase boundary. 
Using the software available at the time it was difficult to take full advantage 
of the, computer's power and its ability to multi-task because the ADDA card used 
had no internal timer. 7be computer's clock had to be used to time the 
measurements. The only way found to do this was by using the interrupt 8 signal 
generated by the computer f6i its internal use. This conflicted with all the multi- 
tasking programs available at the time. A card with a timer generates its own 
interrupt and this would allow the computer to be 'run'with an economical multi- 
tasking operating system. This would mean that the computer could be available for 
other tasks while experiments were running and long experimental runs would not 
have to be stopped in order to check previous results. Also, data (including the latest 
experimental data) could be easily transferred between applications. Possibilities 
such as running several tests concurrently would also be opened up. The operating 
system OS/2 version 2 has since been introduced and it is possible that this system 
could handle the above requirements. 
A card that includes digital input/output lines should also be acquired so that 
the printer port does not have to be used to run the apparatus. This would allow the 
use of a printer while the computer is, connected to the interface which is not 
presently possible. 
8.4.2 Computer control program 
Software is never finished and perfect, and CONTRL could be usefully 
upgraded in a number of ways. 
One major addition that would be useful is more, sophisticated detection of 
steady-state. In a pump-gauge sensor, the pump can easily reach steady-state before 
the gauge does. A facility should therefore be added where more than one value can 
be monitored for steady-state. 
,, 
The addition of features such as the ability to apply a sinusoidal current or 
voltage waveform would also be beneficial. 
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Appendix 1 
Current due to gas reduction 
Al. 1 Carbon dioxide reduction 
Coml2lete CO, reduction 
It was shown in section 5.1.1 that the current due to the reduction of free 
oxygen and H20 is equal to the sum of the currents due to each separate component. 
Therefore, it is only necessary to derive an expression for the current due to reduction 
of the oxygen containing gas and only one mass balance is required. 
7be rate of reduction of C02 directly to carbon (ra) was derived from a steady 
state materials balance of carbon dioxide entering the sensor. 
ra ý rC02(PCO2 - VC02) 
where FC02 is given by DA/M (D calculated for C02 in N2). PC02 is the C02 
partial pressure surrounding sensor, and p'CO2 is the C02 partial pressure within the 
sensor. 
It can be assumed that the rate of electrochemical reduction equals the rate 
of diffusion of C02 into the sensor at steady state. The carbon formed remains on 
the internal pumping electrode inside the sensor so there is no term for diffusion of 
products. 
The equilibrium relationship for the reaction 
C02 C 'ý 02 
is: 
KC02 "I P02 / PC02- 
Using eqn(Al. 2) and the Nernst equation (1.7) allows the calculation of pCO2 that 
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is in equilibrium with the oxygen activity created by the electrochemical pumping. 
p'CO2 = pO2/KC02 exp(-4FEgMT). (Al. 3) 
If p'CO2 is found to be greater than pCO2 then no C02 will diffuse in and no 
reaction occurs. When p'02 falls below a critical value, the equilibrium value of 
p'CO2 falls below PC02 and suddenly the reduction begins. The rate of this 
reduction is found by substituting eqn(Al. 3) in (Al. 1) and is: 
ra = rC02(PCO2 - P02/KC02 exp(-4FEVRT)). (AIA) 
By applying Faraday's law an equation for the resultant current is obtained. 
IC02 = 4F rC02(PCO2 - pO2/KC02 exp(-4FEýRT)). (Al. 5) 
Partial CO, reduction 
If the partial reduction of C02 to CO is the only reaction to occur then the 
rate is determined by the rate of diffusion of CO out of the sensor as well as the 
diffusion rate of C02 into it. The rate of reduction (rb) is found from the material 
balance: 
S 
rb 2-- rC02(PCO2 - VC02) 'ý rCO(P jp co - PCO) (Al. 6) 
rearranging the middle and right hand parts gives: 
VC02 ý-- PC02 - ]rCOIrCO2(P , co - PCO) 
The equilibrium relationship for the reaction 
CC)2 Co + W2 
is: 
K2C0 ý PC() PC)2; t/PC02 Fý4* 
By assuming equilibrium conditions inside and outside the sensor p'CO and pCO 
respectively can be determined using the Nernst equation as before. rb can then tie 
found by substituting the new expression for pCO2 into the middle part of the mass 
balance relation. . Performing the substitutions and then applying Faraday's law 
produces the following expression for the current. 
S 
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12CO = 2F'PC02 
( 
PC02 - 
PC02 ro/rCO2 PCOý 
(Al. 9) A r,, K2,, PV 
"1 /0 va 
C02 P2d 
p'02 is determined using the Nernst equation (1.7a) again. The partial pressure of 
CO surrounding the sensor (pCO) can either be assumed to be zero with little loss 
of accuracy in most cases, or calculated assuming equilibrium using eqn(A1.8). 
CO, and CO reduction in l2arallel 
Reduction of CO can only begin when it has been produced by C02 reduction. 
Therefore, to determine the rate of the former reaction (r, ) both reactions must be 
considered in parallel. All the C02 that diffuses into the sensor is consumed by 
reaction (b). The CO produced is both consumed by reaction (c) and lost by 
diffusion out of the sensor. The mass balance therefore becomes: 
rb = rCO2(pCO2 - p'CO2) = rco(p'CO - pCO) + 
If equilibrium is assumed as above, the solution turns out to be the same as eqn 
(Al. 5). This is because assuming equilibrium means that all the CO is consumed 
before it can diffuse out of the sensor. Parallel reactions would, therefore only 
produce different results if CO were to be metastable under the conditions within the 
sensor. 
A1.2 Sull2hur dioxide reduction 
Sulphur melts at 200 C and boils at 444 C. It is therefore treated as a gas in 
the following derivation. It was assumed that no S03 was formed at any stage. A 
mass balance for the materials entering and leaving the sensor is: 
rs= TS02(PS02 - VS02) = 2rS(P"S2 - PS2) - 
(Al. 10) 
The equilibrium relationship for the reaction 
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S02: ý2' S2+02 
is: 
KS02 = PSP P021PS02 P- (Al. 1 1) 
By rearran&g eqn(Al. 11) and substituting into eqn(Al. 10), pSO2 is calculated to 
be: 
2 
P'so 
2rS2 
- 
K502 PS022 P 
_PS +PS02 
(Al. 12) 
222 PS02 
P102 
Solving the quadratic equation that results from rearranging eqn(Al. 12) produces: 
2 
8 So 
rS p 
-11 1+ _ES02 S02+21D /0 22 
P'S02 
p2r. 02 
(p 
T. 
2 (Al. 13) 
4 K:.,, r,, P 
P/ 02 2 r.. 
The internal partial pressure of oxygen, p'02, was determined using the Nernst 
relation, and PS2 using eqn(Al. 1 1). By applying Faraday's law to the mass balance 
equation the current due to S02 reduction was determined: 
ISO, z4Fr. o. (PSO, - P'Sod 
where VS02 was determined using the positive result from eqn(Al. 13). 
Al. 3 Nitric oxide reduction 
Complete reduction 
If the reaction 
NO. ===t 2/2. N2 + 3402 
(Al. 14) 
(Al . 15) 
is the only reaction involving NO to occur, and assuming equilibrium, the limiting 
current is determined by starting with the mass balance: 
rNo = IrNo(pNO - p'NO) =2 
rNO(P"N2 - PN2)* (Al. 16) 
Reaffanging gives: 
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p'NO = pNO - 2(pN2 - pN2, ). (Al. 17) 
The equilibrium relationship for reaction (Al. 15) is: 
pN2 = KNO 2 pNO2 / pO2. (Al. 18) 
Substituting eqn (Al. 18) into eqn (Al. 17) to eliminate pN2 and rearranging produces 
the quadratic in p'NO: 
2 KN02 
ploý , 
p/N02 + PINO - PNO+2pN2 =0 (Al. 19) 
lberefore: 
p/NO = -2 
*ýI-+ SKN02/Pfo2 (PNO+2PN2) (Al. 2 0) 
4KN02/PI02 
Obviously p'NO could only be determined using the real positive root, if one existed, 
for the above equation. The value found for p'NO can then be used in 
eqn (Al. 16) and the resulting current determined using Faraday's law. 
INO = 2F NO- -I 
*VTý8KW21p'02 (PNO+2pN2) (Al. 21 r4p 
4KN02/P/02 
)) 
Another approach taken was to ignore the diffusion of nitrogen out of the 
sensor and to solve; 
rc = rNO(pNO - p'NO) (Al. 22) 
by determining p'NO using the equilibrium relationship (eqn (Al. 18)) only. 
Partial reduction 
Assuming only the reaction 
1/0 NO --=t 312N20 +42 
the mass balance is; 
r2NO = rNO(pNO - p'NO) =2 rN20(pN20 - pN20) 
Rearranging gives: 
p'NO = pNO -2 rN2G/rNO (P"N20 - PN20)* 
The equilibrium relationship is: 
(Al. 23) 
(Al. 24) 
(Al. 25) 
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pN20 = K2NO PNO2 / P024 P4* (Al. 26) 
Substituting A1.26 into A1.25 and rearranging produces the quadratic in p'NO: 
p'NO2 2K2NOrN20 / (rNop'02'P) + p'NO - pNO - 2rN20PN20 / rNO ý-' 0 
Therefore: 
1+aK. N. 
r2N. 
NO+2pN20 
r2NO) 
(Al. 27) PINO 
p 10, *P %r, 
ý,, 
(p 
r., 
. 
4K2, 
Or2N, 
_ 
plo2* Pv- ro 
The current for the partial reduction of NO was found by substituting the real positive 
value found for p'NO into eqn(Al. 24) and applying Faraday's law. 
+a 
K2NO r2NO. 
DNO+2DN 0 
r2NO 
12NO = 2FrNc PNO- 
P'02ýP 'Apxo 
(2r,, 
o 
4 K2., r2N. 
10 va P2 PV 'I rNO 
A1.4 Estimation of diffusion coefficients 
A number of relations have been developed for estimating the diffusion 
coefficients of binary gas mixtures. Diffusion in more complex mixtures was very 
difficult to estimate so in this work the two dominant gases were assumed to be the 
only ones controlling. 
The Fuller, Schettler, and Giddings relation (Perry (1984)) was used whenever 
possible. 
10-3 T1.75 E (ma+Mb) Imamb] 14 
A1.29 I)ab = -p C (EV) %. + (EV) %] 2 ab 
where Db is the diffusion coefficient for the gas mixture of a and b in [cm2/s], P is 
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the ambient pressure in atmospheres. M, and Mb are the relative molecular masses 
of gases a and b respectively. Xv is the atomic diffusion volume. The value of Xv 
for some common gases has been measured and reported. Values for NO and sulphur 
could not be found in the literature so another relation had to be used. 
The method chosen was the Wilke and Lee relation (Reid et al (1987)). 
Dab = 
[3.03- (0 
. 
. 98/MA'ýB) 
(10-') T" 
Al. 30 
VA cy :1 P MAB AB a 
where M, b 
2[('/MA) + ('/M]3)1-1 
1.18V " b 
Vb liquid molar volume at boiling point [CM3/moll 
(YAB (CIA + cy,, )/2 
1.06036 
_+ 
0.193 
+ 
1.03587 1.76474 OD 
(T')0115610 exp(0.4763ST') exp(l. 52996T*) exp (3.8 9 411 To) 
T* T(k/eAB) 
(e/kAB) [(E/kA)(e/kB)V 
(E/k, ) 1.15Tb 
Tb Boiling point (at 0.1 MPa) 
For polar gases a correction was required. 
fa 
0.19 
1940PD 
"D 
'ý 
OD + 
VbTb 
T' 
where gD dipole moment. 
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Appendix 2 
The computer interface and potentiostat 
An overview of the complete computer controlled furnace, gas mixing 
apparatus and potentiostat/galvanostat was presented in Fig. 2.7. The following is a 
detailed description of each part. 
A2.1 Digital interface 
The centronics port of the computer has a 25pin D plug that can send and 
receive 0- 5V digital signals. The port was used to output 10 signals that perfonned 
the various switching applications required by the circuit. Table A2.1 lists the pins 
on the plug, what they operated and the colour of the wire connected to the plug. 
The pins not listed were not used. 
A2.2 Analogue interface 
The analogue input of the first ADDA card failed; however, the card was 
retained and its analogue output (DA) channel was used to send the 0- 5V command 
signal to the gas flow control valves via the interface discussed in section A2.4. 
The details of how the second ADDA card was connected are shown in Table 
A2.2. The pins not listed were not used. 
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Table A2.1 
Connections to the centronics port. 
pin Function - Kolour 
I Galvanostat or potentiostat Brown/green 
2 Gas valve select Brown 
3 Gas valve select Green 
4 Voltage range select Yellow/brown 
5 Current range select Green 
6 Current range select White 
7 Current range select White/yellow 
8 Voltage range select Black 
9 Furnace on/off Red 
10 Blue 
11 - Yellow 
12 - Pink 
13 - Grey 
15 - Red/blue 
16 Interrupt relay Grey/pink 
18-25 Earth Purple 
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Table A2.2 
14bit ADDA conversion card connections 
Pin Function Colour 
2 Command signal to potentiostat 
(Ese) 
Black 
3 Earth Yellow 
4 SE voltage Green 
5 Voltmeter I Pink/grey 
6 RE voltage Blue/red 
7 Valve 4 reading Green/brown 
8 Valve 2 reading Green/white 
9 Primary voltmeter Blue 
10 Brown 
11 Room temperature Red 
15 Blue 
16 Voltmeter 2 Purple 
19 Current reading White 
20 Valve 3 reading Brown/yellow 
21 Valve I reading Pink 
22 2.45 voltage reference Yellow 
23 Thermocouple reading Green 
24 Earth Grey 
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A2.3 15V j2ower supply 
This used the'simple circuit illustrated in Fig. A2.1. A KBU4B (4 ampere) 
bridge rectifier rectified the output from a mains transformer. 10 OOOgF capacitors 
were connected to smooth the rectified output from each side of the centre-tapped 
output. Voltage regulation at +15V and -15V was achieved by fixed voltage 
regulators rated at 3A and IA respectively. -15V units rated at more than IA were 
not available so 2 were used with the output from the second supplying only the 
negative arm of the booster amplifier of the'potentiostat. 0.3314F capacitors were 
connected across the leads of these regulators to minimize radio frequency (rf) noise. 
fl 
Mains 
KOLAB 
Fig. A2.1.15 volt bipolar power supply circuit 
A2.4 Gas flow control circuit 
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15V 
1A 
15V 
1A 
The gas flow control valves (5850TR from Brookes) had a built in circuit that 
allowed their flow rate to be set by a0-5 volt command and they sent back a0- 
5 volt signal reflecting the flow rate achieved. An interface circuit was therefore 
built that alloNýed the computer to send and receive these two signals (Fig. A2.2). 
The figure shows the three plugs to which 3 valves could be connected. All three 
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plugs were identical but the figure reflects different infonnation on each. There was 
provision for a fourth valve but it was not fitted. 
The DG508ACJ is a transistorized relay that allows a signal to be switched 
to any, one of 8 outputs. The 0- 5V command from the computer DA card was 
connected to the common drain (terminal 8). The switch to which the command was 
sent was selected by two digital inputs to pins I and 16 (see Table A2.1). 
The TL074CN consists of 4 high impedance input op-amps on a single chip. 
It was connected to operate as a sample and hold circuit. 
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The solid state zero switching relay shown in Fig. A2.3 was used to control 
the power to the furnace. Originally this switch was operated via the two terminals 
marked 'Furnace controller' in the figure. The controller was a PD unit fitted by the 
manufacturer. It measured the furnace temperature using the K type thermocouple 
embedded in the wall of the furnace. In order to allow the computer or the 
Eurothenn controller to control the furnace temperature the circuit shown in Fig. 2.3 
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was built. 
In the bottom position of the switch primary control of the furnace was from 
the ceNronics port of the computer. However, the disitai sjgna) was bufferedbya 
220kQ resistor so that it could only turn on the furnace if the controller was also 
signalling on. The controller therefore had to be set about 50*C above the highest 
temperature required. This was a useful safety feature and was the switch position 
normally used. However, if temperatures above 950*C were required, the Eurotherm 
controller had to be disabled. This was done by selecting the b9ttom position of the 
switch. The Eurotherm controller then had to be set below the minimum expected 
temperature. The middle position of the switch gave the Eurotherm controller full 
control which was useful if there was a any problem with the computer control. The 
two preset resistors were adjusted so that all three switch positions operated as just 
described. 
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Fig. A2.3. Furnace control circuit. 
The computer calculated the furnace temperature using the reading of an R 
type thermocouple positioned near the sensor under test. To do this it used the 
circuit shown in'Fig. 2.4 to determine the temperature of the cold junction of the 
thermocouple. The LM35 chip was mounted near the cold junction and gives an 
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output of lOmV/OC. This signal was amplified 10 times and passed to the AD card 
as shown. The computer then calculated the compensation required for the 
thermocouple. 
The greatest possible accuracy was desired for the furnace temperature so 
considerable care was taken with the circuit that amplified the thermocouple voltage 
(top of Fig. 2.5). A high quality op-amp, (MAX430) with a very low offset voltage 
(IpV) was used and it was mounted as close as possible to the furnace in a metal 
box. A precision bandgap device was used to supply 2.45 volts and produce an 
output offset when the thermocouple was at room temperature. This was to make 
maximum use of the -9.5 to +9.5V span of the AD card. High precision resistors 
with a temperature coefficient of l5ppm were used to set the gain. Care was also 
taken to avoid earth loops and the non-inverting input was connected directly to the 
point used as a zero reference by all the circuits (shown a triangle symbol). (The 
three bar symbol was used for connections that were not necessarily direct to the zero 
reference point. ) The program also read the temperature often and averaged the 
results in two stages to eliminate any interference (see section A3.3). 
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Fig. A2.4. Thermocouple cold junction temperature sensor and amplifier. 
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Fig. A2.5. Circuits in low-level signal buffer box mounted near the furnace 
entrance. 
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A2.4 The potentiostat/galvanostat 
The potentiostat/galvanostat was built in two parts. The low-level signals 
from the sensor were amplified using circuits mounted in the metal box (Fig. 2.5) that 
was positioned as close as possible to the furnace. This was to minimize noise 
picked up by leads carrying low-level signals. The remainder of the circuit was 
housed in the main box (also metal but larger). 
The signal conditioning box (Fig. 2.5) held the current interrupting relay (relay 
1) and the buffer amplifier for the RE. The output of the op-amp was connected to 
the box and to the alloy steel tubes that shielded the platinum wires running into the 
furnace. This was done to provide the maximum possible shielding for the signal 
from the RE. 
Three voltmeterg were also built into the signal conditioning box. The 
primary voltmeter had 4 possible ranges selected by relays that were operated via 
the circuit shown in Fig. A2.7. All voltmeters had zener diodes connected to their 
outputs to prevent voltages greater than : tl2V reaching the ADDA card. The card 
gave erroneous readings on all channels if this occurred. 
The remainder of the potentiostat/galvanostat is shown in Fig. A2.6. The 
buffered signal from the RE was passed to a voltage co mparator (OPA121) via a 
network that selected between 4 possible voltage ranges. The non-inverting input of 
the OPA121 was connected to a circuit that compensated for its input off-set voltage. 
There was a selection of three negative feed-back capacitors that could be selected 
to give the desired combination of frequency response and noise immunity. 
The output from the voltage comparator was passed to a booster amplifier 
operated in the voltage follower mode. The output from both circuits was passed to 
an array of span resistors used to select the current range. If potentiostatic mode was 
selected (it was in Fig. 2.6) the voltage across the span resistors was amplified by the 
differential op-amp INA105. The output from this op-amp was passed to the AD 
card. If galvanostatic mode was selected using relays 4 and 6 then the circuit 
connected to the RE had no function. The 5 low current span resistors were 
connected directly to the output of the voltage comparator (OPA121) to minimize 
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noise in these ranges. Relay 5 was used to ensure that the differential amplifier 
measured the voltage across the span resistor selected. Fig. 2.7 shows how relay 5 
was operated by a summing amplifier connected to the relays that selected the 3 high 
current span resistors. 
The galvanostat operated by using the differential amplifier to feed a current 
through the span resistors. 
Because a wide range of currents needed to be measured, provision was 
included for switching load resistors. Eight resistors switched by relays were used 
ranging from 50 to 2MCI which gave maximum current readings of between 3.6pA 
and 1.4A. 71e computer program converted all readings directly into milliamps 
automatically. 
Although relays switch much more slowly (2ms) than transistorised switches, 
I they have a low resistanqe once connected and a high current carrying capacity. Both 
features were essential for the high current ranges so relays were used for all current 
ranges. Relays were also used to allow the circuit to be changed from a potentiostat 
to a galvanostat for the same reason. A mercury relay was used for the current 
interruption switch since they are immune to contact bounce. 
A facility was added to change the range of voltages that could be set by the - 
potentiostat. Four ranges were made giving maximum voltage settings of between 
IOOmV and 4500mV. Again, the resistors were selected using relays. 
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Appendix 3 
The control program (CONTRL) 
3.1 Program design philosophy 
CONTRL was written in Turbo Pascal v5.5 with a few Turbo Assembler vl. 2 
procedures included. Turbo Pascal was chosen for its low price, reliable operation, 
speed of code compilation and the large range of available tools including a built-in 
debugger. Turbo Assembler was used for procedures that had to be performed as 
quickly as possible. 
The codes for programs are often difficult to understand and revise. Since the 
effort required to write the program was large, much attention was paid to making 
the program code as easy to follow as possible. With this in mind, all variables and 
procedures were given meaningful names. Also the length of the procedures was 
kept as short as possible. 
There are two methods by which computers generally perform timed 
operations; polling and interrupts. Polling involves the computer checking its internal 
clock at frequent intervals to see if it is time to perform the operation. (In this 
section interrupts refers to hardware interrupts which are different to software 
interrupts). Interrupts are signals either generated by the computer's clock, or by 
some other device. The central processing unit (CPU) has a special terminal for it 
to be informed when an interrupt has occurred. On receiving the interrupt signal the 
CPU stops what it is doing as quickly as it can and services the interrupt. This 
facility in effect enables the CPU to perform two or more completely separate tasks 
in parallel. This has several advantages but also has some pitfalls. The main 
advantages are that the CPU usually has less to do and timing accuracy is higher for 
a given CPU work-load. One pitfall is that if the computer is servicing an interrupt 
when a new interrupt arrives, the new one is delayed until the old one is finished. 
It is therefore important to keep the tasks performed by the program during an 
interrupt to a minimum. Under normal circumstances the computer should spend a 
S 
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very small proportion of its time processing interrupts. Also the maximum rate at 
which interrupts can be performed is slower than the maximum for polling. Finýlly, 
the software for interrupts is more difficult to write. It was decided to use inte! TUPts 
to perform all except the fastest timed measurements. This was done to allow the 
control program to do as much processing of the experimental data as possible while 
waiting for interrupts. Polling at the ADDA card's maximum speed was used 
immediately after current interrupts. 
All the procedures in the program that are called by the interrupt routine are 
marked because the computer crashes if the integrated debugger is used to step into 
such a routine. The stand-alone debugger must be used for that. Also, interrupt 
procedures must not perform any task that uses further interrupts (such as writing to 
the screen or disc). 
3.2 Pro&Lam structure 
Turbo pascal allows large programs to be split into units. CONTRL is written 
in three units: GRAFTIL, CONTEX and CONTRL. These units should be compiled N 
in the order given. An assembly program call CLOCK is also part of CONTRLAt 
reprograms the computer's clock to operate at the speed required by CONTRI, using 
interrupt 8. 
CONTRL requires 3 files of data. The first is DEFAULTDAT which 
contains a range of data such as the factors by which to multiply the digital readings 
in order to obtain the true analogue value. Where possible,, calibration of the 
interface circuit was achieved by setting coefficients in DEFAULTDAT, rather than 
introducing a variable resistor into the circuit. This reduced costs and improved 
accuracy due to reduced temperature dependence. The claimed temperature 
coefficient for the 0.1% resistors used in the circuits was 15 ppm/C which was better 
than that of readily available variable resistors. 
The other data files are MACRODEF and MACRODAT. Both hold settings 
used in the macro mode of operation. When macro mode is started it reads 
MACRODAT and when all the desired settings have been chosen they are all stored 
in MACRODAT. 1 
S 
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3.3 Fumace control 
The furnace temperature was calculated by converting the digital reading to 
a microvolt reading and then converting to temperature using a functional 
representation from Coates (1978). 
CONTRL took 10 readings of the furnace temperature at the rate of one every 
0.4 seconds. It then averaged those readings and took a room temperature reading 
from which it calculated the furnace temperature. It then calculated the percentage 
of full power needed to achieve the desired furnace temperature. The algorithm used 
was based on PID control except that the derivative component was calculated by 
predicting the furnace temperature at a future time. A more accurate estimate of the 
actual furnace temperature was arrived at by taking a moving average of the averages 
calculated every 4 seconds. A moving average is calculated using the formula: 
New value =Yx old value + (I-Y) x last reading. 
3.4 Gas valve control 
Every 4OOms CONTRL changed the valve that received the command voltage. 
This required first changing the selection on DG508 (Fig. A2.2) and then setting the 
required voltage on the DA card. Before doing this it read the signal voltage of the 
previously connected valve. 
If the command and signal voltage did not agree within 1% of full scale 
CONTRL printed a warning message so that the leakage, pressure setting or other 
fault could be attended to. 
3.5 Potentiostat/galvanostat control 
The default setting for the mercury relay (relay 1) was open and it was only 
closed when a current needed to be passed through the cell under test. It was hoped 
that this would help protect the cell and the potentiostat. 
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Appendix 4 
Operating instructions for CONTRL 
A4.1 Getting started 
CONTRL is started by typing in its name. It is designed to do a number of 
things automatically when first started. This includes controlling the furnace 
according to preset values. The furnace interface, potentiostat and other interfaces 
therefore should be switched on before starting the program. A screen showing the 
values of various settings and readings is also displayed initially. At the bottom of 
this screen is a list of basic instructions for operating the program. 
A4.2 Creating a results file 
One of the first diings the program does is to create a file on the hard disk in 
which to store the results. 7bis file is given a file name that starts with the letter R 
and then a single number to represent the year (2 for 1992). It then has 2 digits for 
the month and two for the day. This means that when the result files are listed in 
alphabetical order the latest results are presented at the bottom of the list. If the 
program had been run previously on the same day the program detected this and 
asked for a letter to follow the digits. The first time the program is run it sets, this 
letter to "a". By typing an "a" at the prompt, the second set of results for that day 
is stored in the same file following the first set. If any other letter is entered a new 
results file is created. A typical results file name is R20424A. PRN for the first set 
of results started on the 24th April 1992. 
A4.3 The default settings file 
The next task for the program was to read a file that contained a range of 
default settings for the furnace and the potentiostat. These settings can be changed 
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at any time by changing them as described below and then pressing F9. All the new 
settings were saved at once. 
The first screen that comes up when the program starts is called the reporting 
screen. It consists of a range of headings under which are tables of continuously 
updated readings. It is designed for monitoring the performance of the system, and 
nothing can be changed while this screen is displayed. To change the furnace 
settings the F3 key must be pressed. 'A graph showing the furnace temperature 
history appears and a menu with the values that can be changed also appears. The 
value that will be changed if a value is typed in is displayed in a different colour to 
the other values. To move to the other values use the up or down arrow. 
I 
A4.4 Setting the valve flow rates 
To get the valve setting menu press F5 at any time. It operates in the same 
way as the furnace control menu. 
A4.5 Performing cyclic voltammeiry 
To perform a CV press F6. A menu appears and the axis for the graphic 
presentation of the results also comes up. The menu operates as the others. The 
menu also includes a switch to allow the results to be saved to disk or not as desired. 
To toggle this switch select it on the menu with the arrow keys and then use the 
space bar. When all the settings have been changed to the desired values "g" must 
be pressed to start the cycle. Pressing any key will immediately make the program 
disconnect the'cell, and stop the sweep. 
CONTRL needed to know the rate at which the voltage changes so it asked 
for the voltage rise rate (in mV/s). If a positive value was given, the voltammogram 
started with the voltage increasing (ie. becoming more anodic on the working 
electrode) and it decreased first if a negative value was given. The voltage set before 
the cell was switched on was called the initial voltage and the program also asked for 
this. The amplitude of the waveform was set by a variable called the voltage scan. 
If the scan rate was positive initially it was changed to a negative value when the 
voltage reached offset + voltage scan. It then changed back to positive when the 
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voltage reached offset - voltage scan. Although offset voltage and initial voltage 
were often both zero, the program allowed them to be set to any value independently. 
A stroke was the name chosen for the process where the voltage moved from the 
offset to the upper or lower limit of the scanned voltage, or visa versa. Four strokes 
therefore made a complete cycle and the program allowed the number of strokes to 
be set. 
If a record of the results is required, the menu option about saving results 
must be on. 
A mode called slow CV is also available. In this mode the two voltmeters 
are also read and the current range will select the appropriate scale. These extra 
operations additional to those performed by normal CV mode require extra time so 
slow CV mode is only appropriate for scan rates of less fim lOmV/s. 
A4.6 Steady state mode 
This mode allows a fixed voltage or current to be applied until the current or 
voltage respectively comes to a steady state. It can also be used to monitor the open 
circuit voltage until that comes to steady state. It is selected with F7 while F8 allows 
the setting of a batch of up to 30 steady states. F8 does not store the results showing 
the progress to steady state while F7 does. When the program detects steady state 
it performs a current break and stores the results. To cause a current break before 
steady state has been detected by the program press "b". Pressing any other key will 
immediately make the program disconnect the cell and stop the run. 
A4.7 Macro mode 
Macro mode is a powerful system that enables the program to do any of the 
functions described above in any order and as many times as required. It is limited 
to 10 000 hours of operation or the free space on the hard disc. To set a macro 
running press F4. ý screen comes up that allows all the parameters for any operation 
to be set. The screen comes up with the settings read from a file called "Macro. def'. 
All these settings can be changed as needed. When everything has been set for the 
first operation the settings are stored on disc by pressing "Home" or "Page Down". 
% 
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Home will read the next operation from Macro. def while "Page Down" will copy the 
previous one. There is a page counter at the bottom of the screen to indicate how 
many operations have been set. More than 33 000 pages can be set. When all the 
operations have been set, bring up a new page and select function 9 (ending). The 
Macro will immediately start operating. To exit it before it has finished press lix1f. 
If the program stops while performing a macro (eg. due to a power failure) 
the macro can be started again from where it last saved the results. First check the 
results file and count the number of operations performed. Then copy the file where 
the data for the macro is stored (Macro. dat) to Macro. def (having backed up the old 
Macro. def first if necessary). Restart CONTRL, press F4 and then press "End" once 
for every operation already saved. Then press "Home" until all the operations have 
been read from macro. def and the macro starts running. 
A4.8 Usiniz the results. 
The results in the results file were saved in a format ready to be imported into 
a spreadsheet. This made it easy to review and perform detailed processing on the 
results after each experimental run. CA SuperCalc version 5.1 was chosen as a 
suitable spreadsheet. The command for importing the example results file would be 
(//Import Coma separated values) and then [C: \1P5\prog\R20424A. PRN). The 
spread-sheet with all the results in it would then be stored as R20424A. CAL using 
the save command. 
The spreadsheet files thus created were saved using the date of creation as the 
file name as explained above. So the file R20912A. CAL would be the sheet (created 
with CA SuperCalc) containing the first set of data collected on the 12/9/1992. It 
would also contain details of the subsequent processing of the data so these 
spreadsheet files became more important than the original results files, and were 
therefore carefully backed-up. 
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Appendix 5 
Example calculations 
A5.1 High voltage reduction of YSZ 
A single experiment was perfonned where high voltages were applied to the 
electrodes on a single YSZ disc and the amount of oxygen released by the reduction 
of the YSZ was measured: see section 3.2.3. 
White spot nitrogen (low oxygen content) was connected to a 150MI/min mass 
flow valve (calibrated at 273K) which was set to 100% flow rate and air was 
connected to a 5ml/min valve that was set to 3% flow rate. The expected mole 
fraction of oxygen flowing into the atmosphere surrounding the YSZ cell was 
therefore: 
X02 = 0.209 x 0.15 / (0.15+150) 
= 0.000209. 
The concentration of oxygen leaving the system was measured with a potentiometric 
sensor at 735*C. The reading on this sensor was 149.3mV while 0.1 and 0-2mA 
were flowing through die cell. Using the Nernst equation and assuming the pressure 
on both sides of the sensor was 101325pa the measured mole fraction of oxygen was 
calculated as: 
X02 ý . 209 X exp(. 1493V x4x 96485Cequiv"'/(*. 3144Jmol-'K-1 X 1008K)) 
= 0.000216. 
The difference of 3.3% is well within the expected experimental error considering the 
low flow rate through the valve controlling the air. 
When the current through the cell was 5mA the potentiometric sensor read 
144.4mV which corresponds to X02 = 0.0002705. To calculate the number of 
electrons that flowed per mole of oxygen reduced (n) a mass balance was done on 
oxygen. 
Out flow In flow + 02 released by reduction 
Using a basis of I second, assuming the total flow rate is unchanged by the extra 
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oxygen and by applying Faraday's law this becomes: 
N X02(out) =N X02(in) +I/nF. 
At low currents the YSZ is not reduced so the current (I) would be zero for the 
purposes of the above mass balance. The value of I used was therefore; total current 
- current where YSZ was beginning to be reduced; O. ImA was assumed. N is the 
total moles of gas that flow in a second and was determined using the ideal gas 
equation: I 
PV/RT 
where V is the volume that flows in a second (150.15/6 x ICý)M3. Substituting this 
into the mass balance results in: 
X02(out) ,4 X02(in) + IRT/hFPV. 
Using a value of 8 for n in the above equation produces reasonable agreement with 
the measured oxygen concentration. 
X02(out) = . 000216 + 0.0049x8.314x273/(8x96450xlOI325xl50/6xlCý) 
= 0.000274. 
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Appendix 6 
Selected physical property data 
Table 6.1 
Gibbs free energy of formation and melting points of selected oxides (Barin 
(1989)) 
Compound Melting Gibbs free energy /kJmol-1 
point PC 600K 800K 1000K 1200K 
ZrO2 2715 -982.029 -944.714 -907.940 -871.337 
A1203 2072 -1487.31 -1424.89 -1361.33 -1295.05 
B'203 825/860 -412.2 -353.3 -295.7 -294.8 
CaO 2614 -572.1 -551.6 -531.1 -509.8 
Y203 2410 -1728.2 -1670.9 -1614.5 -1558.5 
CaZrO3 2550 -1595 -1539.6 -1484 -1428 
C02 
-56.6 -395.139 -395.527 -395.810 -396.007 
CO -199 -164.494 -182.494 -200.261 -217.796 
S03 
-342.658 -321.945 -293.571 -260.47 
S02 
-72.7 -300.294 -298.383 -288.640 -274.011 
H20 0 
-214.081 -203.595 -192.713 -181.572 
NO -163.6 82.8 80.3 77.8 75.2 
N20 -90.8 126.9 141.8 156.6 171.1 
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Table 6.2 
Coefficient of linear expansion, melting point and boiling point at O. lPa of selected 
metals (Weast (1988)). 
Metal Expansion coeff. 
XIO-6 
Melting point 
PC 
Boiling point at 
0.1 Pa /*C 
Gold 14.2 1064.434 1237 
Nickel 13 1453 1373 
Platinum 9 1772 1882 
Silver 19 961.93 906 
Zirconia 10-11 2715 
Alumina 8 2072 
